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i I. INTRODUCTION

. A. Mapping of forebrain dopamine systems

The existence of dopamine in the brain was first reported
over 25 years ago (Carlsson et al. 1958), and subsequent
fluorescent histochemical techniques provided strong evidence of

, monoaminergic pathways from the midbrain to the forebrain (Anden
et al. 1964). The identification of dﬁpamine as one of the
monoaminergic transmitters in this pathway sparked considerable
behavioral and neurochemical research on the basal ganglia (Anden

et al. 1966a). Two major dopamine pathways have been identified,

the nigrostriatal pathway arising from the substantia nigra pars

A a4 b O

compacta coursing to the striatum, and the mesolimbic pathway
arising from cell bodies near the interpeduncular nucleus (medial
to the substantia nigra) which innervates the nucleus accumbens
{(NAS), the olfactory tubercle, and the frontal cortex (Lindvall
and Bjorklund 1974). The vast majority of brain dopamine is

; ) contained within these two sysfems (Horn et al. 1974; Versteeg et
al. 1976; Palkovits 1979). Other dopamine-containing pathways
include the tubero-infundibular pathway, the incerto-hypothalamic
pathway and the periventricular system (Lindvall and Bjorklund

1974; Lindvall 1979).
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The mesolimbic dopamine system receives input from
limbic-associated structures such as the amygdala, hippocampus,
frontal ccrtex and cingulate gyrus (Haber et al. 1982; Haber and
Watson 1985), thus suggesting the importance of this system as an
interface between the limbic and motor systems (Mogenson et al.
1980). In contrast, the striatum, especially the dorsolateral
portion, receives predominantly sensory-motor related afferents
(Kelley et al. 1982; Haber et al. 1982).

The efferent pathways of the two major dopamine systems have
been studied extensively by neuroscientists in the last decade,
and the concept of a single dominant pathway (or classical output
pathway) for the basal ganglia has been greatly modified. The
classical output pathway consists of fibers arising from the
striatum travelling to the external and internal segments of the
globus pallidus (the entopeduncular nucleus of the rat is similar
to the internal segment of the globus pallidus in primates and
humans), and thence to the ventral nuclei of the thalamus (Papez
1942; Szabo 1962; Nauta and Mehler 1966; Carpenter 1983). The
thalamus in turn projeqts to motor and premotor cortex (Walker

1938; Strick 1971), which represents a major motor output (Carman

;f' et al. 1963; Carman et al. 1965; Kemp and Powell 1970; McGeer et
al. 1977). The other, more recently proposed output pathway of

the basal ganglia is composed of fibers originating in the

forebrain (especially the striatum) which synapse in the
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substantia nigra pars reticulata (Garcia-Munoz et al. 1977;
Marshall et al. 1977a; DiChiara et al. 1978; James and Starr 1978;
Olianas et al 1978; Dray and Oakley 1978). This pathway was
originally believed to subserve feedback regulation of substantia
nigra dopaminergic neurons ( Anden and Stock 1973; Bunney and
Aghajanian 1976), but now has been shown to mediate most striatal
associated functions. The fiber pathways from the substantia
nigra pars reticulata project to the ventral nuclei of the
thalamus, the superior colliculus and the reticular formation
{Rinvik 1975; Carpenter et al. 1976; Clavier et al. 1976; Vincent
et al. 1978; DiChiara et al. 1979a). This output pathway has a

more direct influence on motor structures in lower brain regions,

underlining its importance.

Despite the different areas involved in the two output

pathways, there are striking similarities between the medial
pallidal segment and the substantia nigra pars reticulata as
reported by Carpenter (1981), " (1) cells and synaptic terminals
bear strong morphological resemblances; (2) both receive major

afferents from the striatum that have similar neurotransmitters;

1? (3) both receive inputs from the subthalamic nucleus; (4) neither
E}Q receives inputs from the cerebral cortex or thalamus; (5) both
L

Fﬁ have major thalamic projections to distinctive ventral tier

",'1:1

» thalamic nuclei without overlap.”
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B. Dopamine receptor subtypes

The behavioral consequences of stimulating the above dopamine
containing systems has been ascribed to drug interactions with
dopamine receptor complexes. Thus, as in other neurotransmitter
systems such as acetylcholine (nicotinic and muscarinic
receptors), noradrenaline (alpha and beta receptors), histamine
(H-1 and H-2 receptors) and serotonin (S-1 and S-2 receptors),
dopamine is also thought to interact with two basic receptors,
termed the D-1 and D-2 receptors (Kebabian and Calne 1979). The
D-1 receptor is linked to the stimulation of adenylate cyclase,
while the D-2 receptor is apparently unlinked or negatively linked
to adenylate cyclase (Kebabian and Calne 1979; Stoof and Kebabian
1981; Onali et al. 1984). Early work on the dopamine receptor was
directed toward dopamine stimulation of adenylate cyclase
(Kebabian et al. 1972; Iversen 1975), prompting the idea that
dopamine-sensitive adenylate cyclase might be the dopamine
receptor (Kebabian et al. 1972). However, through further
pharmacological studies of the rat striatum, the existence of the
D-2 receptor was also confirmed (Creese et al. 1977; Sibley and
Creese 1980; Stefanini et al. 1980).

Pharmacological studies have become more effective in
differentiating between D-1 and D-2 receptors, especially in the

last 2-3 years. Whereas bromocriptine and other ergots as well as
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affinity agonists at the D-2 receptor (Kebabjan and Calne 1979;
Gundlach et al. 1983), butyrophenones such as haloperidol (Beart
1982; Creese et al. 1983) and the atypical neuroleptic sulpiride
(Munemura et al. 1980) are effective antagonists . The D-1
receptor appears to be stimulated preferentially by SKF 38393
(Setler et al. 1978) and antagonized by SCH 23390 (Hyttel 1983).
Interestingly, even though the D~1 receptor was the first to be
discovered and presumably all actions of dops .nergic drugs tied
to its stimulation, the discovery of the D-2 receptor led to the
reverse suggestion, i.e. most behavioral actions of agonists and
antagonists are due to D-2 binding (Seeman 1980; Joyce 1984). In
fact, many authors, even as recently as 1984 report no apparent
physiological role for the D-1 receptor (Creese 1982; Woodruff et
al. 1984). It now logically appears that both receptors are
involved in dopamine receptor-stimulated behaviors. Thus, either
D-1 or D-2 receptor blockade causes catalepsy (Christensen et al.
1984), although D-1 antagonist-induced catalepsy is not reversed
by anticholinergics (Hyttel and Christensen 1983), while D-2
antagonist-induced catalepsy is (Costall and Naylor 1974;
Ezrin-Waters et al. 1976). The fact that D-2 receptors have been
associated with striatal cholinergic interneurons both
pharmacologically (Sethy 79; Scatton 82) and anatomically (Joyce
and Marshall 1985) suggests the striatum as the site for the

reversal of D-2 mediated catalepsy; However, cholinergic-induced
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catalepsy and anticholinergic reversal of neuroleptic-induced
catalepsy does not occur in the striatum (Costall and Olley 1971;
Costall et al. 1972; Costall and Naylor 1973). Research in this
lab also suggests that behaviors such as biting and licking
(typically caused by high doses of apomorphine) seem to be
preferentially linked to the D-1 receptor. In this paradigm,
pretreatment of mice with low doses of sulpiride enhanced the
ability of apomorphine to cause biting and licking (Yurek and
Randall 1985). Other studies also suggest a link between D-1
receptors and oral behaviors (Rosengarten et al. 1983). The
opposite effects of D-1 or D-2 receptor stimulation on substance P
like activity in the substantia nigra further suggest functional
roles for both receptors (Oblin et al. 1984; Sonsalla et al.
1984).

The anatomical localization of the two dopamine receptor
subtypes may indicate additional functional differences. D-2
receptors are located on striatal afferents from the cortex (Garau
et al. 1978; Schwarcz et al. 1978), as autorecentors on nigral
neuronal cell bodies projecting to the striatum and on the nerve
terminals of these neurons (Aghajanian and Bunney 1973; Sokoloff
et al. 1980), and on neurons in the striatum (Sokoloff et al.
1980; Severson and Randall 1983). D-1 receptors have been
associated with striatal neurons (Cross and Waddington 1981; Leff
et al. 1981) and nerve terminals of striato-nigral neurons in the

substantia nigra pars reticulata (Cross and Owen 1980).
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C. Dopamine receptor supersensitization

Dopaminé receptor up-regulation or supersensitization was
first suggested by Ungerstedt (1971ab) to explain enhanced
behavioral responses to dopamine agonists following dopamine
depletion of the forebrain with the selective neurotoxin
6-hydroxydopamine (6-OHDA). The process that occurred in the
brain was felt to result from mechanisms similar to those
occurring in the periphery following denervation of muscle fibers.
Later studies also confirmed that hypersensitive responses to
dopamine agonists could result from sustained dopamine synthesis
inhibition or depletion of dopamine stores (Tarsy and Baldessarini
1974) and by chronic dopamine receptor blockade (Gianutsos et al.
1974; Eibergen and éarlsson 1976). However, it was not until 1977
when Burt et al. and Creese et al. demonstrated that chronic
dopamine receptor blockade or 6—OHDA-induced lesion resulted in
quantifiable increases in dopamine receptor number (approximétely
30%) as defined by 3H—neuroleptic binding. Up-regulation of D-1
receptors is less clear. It now appears that a major task
confronting behavioral neuropharmacologists is to account for
shifts in the dose-response curve for dopamine agonist-induced
behaviors of up to 100 fold (Marshall and Ungerstedt 1977;
Ungerstedt et al. 1978) supposedly caused by the modest

6~OHDA-induced increase in dopamine receptor number.
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D. Dissertation goals

The main thrust of these studies is to selectively examine
drug-induced behaviors of each of the two major dopamine systems
by the use of 6—hydroxydopaminé. With receptor up-regulation
enhancing the response of the targeted structure, motor functions
of each will be tested against various dopamine agonists.
Drug-induced motor behaviors that will be examined include
locomotor activity (section 111), stereotypy (section IV) and
circling (section V). Section V is an especially important
section, since interactions between the nucleus accumbens and the
striatum will be examined for each of the aforementioned
behaviors. The remainder of this introduction will include brief
descriptions of two human disorders that involve the dopamine

systems.
E. Disorders associated with malfunctioning dopamine systems
Parkinson's Disease

Parkinson's disease is the most familiar disease associated

with a malfunctioning dopamine system. The degeneration of

nigroStriatal neurons in this disease, first described by Ehringer

and Hornykiewicz (1960), is well known and has been confirmed
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numerous times. More recent studies from Hornykiewicz's

IS

laboratory, however, show that dopamine neuron degeneration is not
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restricted to the nigrostriatal system. Thus, in Parkinson's
disease decreases of dopamine concentration in the nucleus
accumbens are as severe as those in the striatum (Farley et al.
1977; Price et al. 1978). 1In confirmation of these studies,
dopamine and tyrosine hydroxylase, the rate-limiting enzyme in
catecholamine synthesis, are decreased in the brains of
Parkinsonian patients, both in the substantia nigra and in the
ventral tegmental area which contain the cell bodies of mesolimbic
and mesocortical dopamine neurons (Javoy-Agid et al. 1981ab).
Thus, studies which examine the effects of drugs on both the
mesolimbic and nigrostriatal system will provide a clearer picture
of the functioning of each system and give insights into how the

systems interact.

Schizophrenia

Another disease state proposed to affect the dopamine system
is the affective disease schizophrenia. There are -heories that
this disease state may represent an overactive
mesolimbic/mesocortical dopamine system (Snyder 1972; Stevens
1973; Thierry et al. 1973; Hokfelt et al. 1974). Thus, drugs
which lead to improvement in affective symptoms (via blockade of

receptors in the mesolimbic/mesocortical dopamine svstem) can
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ultimately cause orofacial dyskinesias (symptoms associated with
chronic striatal dopamine receptor blockade). One of the
potential benefits of research involving dopaminergic drug actions
in the basal ganglia, is the possibility of finding a drug or drug
combination with preferential antipsychotic activity with no

motoric side effects.
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II. GENERAL MATERIALS AND METHODS
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A. Surgical Procedures

Adult male Sprague-Dawley rats weighing 300 + 50g were
anesthetized with Equithesin (3.5 ml/kg) and positioned in a
stereotaxic apparatus (Kopf). Coordinates for the various

procedures are presented below in Table I (Pellegrino and Cushman

1967).
TABLE I
Coordinates for stereotaxic placements
Region Ant(+)/Post(-) Lat Vent
Injection tips

NAS 3.4 1.7 7.2
STR 2.0 3.0 5.0

60HDA infusions
NAS 3.4 1.7 7.2
SNC-STR 0.8 3.5 6.0
MFB -0.5 1.8 8.7

Electrolytic lesions

STR-SNR -1.5 3.6 7.2

e — — . ———— o — " — ——— - —— — " — i ———  — —_— - — ——— — — ——— ———————_—— ————

Millimeters anterior and posterior to bregma. Guide cannulae
(through which injection tips protruded) were implanted 2 mm above
the desired region. Nucleus accumbens (NAS), striatum (STR).
substantia nigra pars compacta to striatum dopamine pathway
(SNC-STR), medial forebrain bundle (MFB), striatum to substantia
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nigra pars reticulata pathway (STR-SNR).

6-OHDA hydrobromide (8 ug, expressed as base, Sigma) was

dissolved in saline containing 0.2 mg/ml ascorbic acid and infused

in a volume of 2 ul at a rate of 1 ul/min. The injection cannula

was left in place an additional minute following the end of the

infusion. Infusions of 6-OHDA, intended to deplete striatal

dopamine with minimal NAS depletion, were made in the tail of the

caudate (Jackson et al. 1983). NAS 6-OHDA infusions were made

directly into the center of the nucleus. Electrolytic lesions

(2mA for 20 seconds) were made with a Grass model DCLM5A lesion
maker and a 0.02 mm diameter platinum-iridium electrode which was

insulated except for 0.2-0.5 mm at the tip with teflon and an

additional layer of Stoner-Mudge coating. A rectal prob2 coated

with petroleum jelly completed the circuit.

B. Intracerebral and Systemic Injections

Intracerebral infusions were made in unanesthetized, manua.ly

restrained rats. The injections were ade through 30-guage

stainless steel cannulae attached by polyethylene tubing to

motor-driven microsyringes. The tips of the injection cannulae

protruded 2 mm beyond the tips of the guide cannulae. so as to

terminate in the desired region. The infusions were monitored by
watching the progress of a small air bubble introduced into the

12
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polyethylene tubing. Striatal infusions were typically in a
volume of 1.0 ul (0.22 ul/min), except for SKF 38393 (2.0-3.0 ul)
and where much higher doses of drugs were used to elicit rotation.
NAS infusion volume was 0.5 ul at a rate of 0.11 ul/min. The
volume and rate of infusion into the NAS was decided upon
following infusion of (3H)Muscimol at two different volumes and
rates of infusion (Table II). As can be seen in Table II,
compared to the 1 ul injection, the amount of radioactivity in the
nucleus accumbens was reduced by only 32%, whereas fhe
corresponding decreases for frontal cortex, caudate nucleus and
rest of brain were 74%, 67% and 48%. Thus, lower infusion volume
and a slower rate of infusion into the NAS resulted in better

localization of injected material.

TABLE II

Regional distribution of radioactivity 1 hour after injection

Region Total cpm 1lul inj. Total cpm 0.5ul inj.

oT 3,887 + 1,087 4,216 + 1076

NAS 32,979 *+ 5,741 22,413 + 1,471
. FCX 24,633 + 5,399 6,423 + 2,363
- : STR 12,853 + 2,169 4,303 + 753

Rest 24,760 + 6,318 12,878 + 2,292
. Mean + SEM of 6 rats (1lul injection) and 7 rats (0.5ul
9 | injection). The (“H)muscimol solution was 80 ng/ul and 200,492
ri: cpm/ul (counts per minute/microliter). Injections (inj.) were
. bilateral, and left and right brain regions were pooled. The 1lul

injection was at the rate of 1 ul/min and the injector left in
place an additional minute. The 0.5 ul injection was at the rate
,of 0.11 ul/min and the injector left in place an additional 2.5
min. Olfactory tubercle (OT), Nucleus Accumbens (NAS), Frontal

13
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cortex (FCX), Striatum (STR), Rest of brain (Rest}).

Systemic injections were made subcutaneously (sc) behind the
neck, in a volume of 1.0 ml/kg. A list of the drugs used in this

study and the vehicle used to dissolve each is presented in Table

I1f.
Table III
List of drugs
Drug Vehicle

Intracerebral infusions

Dopamine agonists

Apomorphine hydrochloride 0.1% Na metabisulfite
LY 151777 0.9% saline

SKF 38393 water

Dopamine antagonists

Haloperidol 1.0% lactic acid
Sulpiride 1.0% lactic acid
GABA-ergic agents

Muscimol 0.9% saline

GABA 0.9% saline
Picrotoxin 0.9%saline

Systemic injections

Dopamine agents

d-Amphetamine sulfate 0.9% saline

Apomorphine hydrochloride 0.9% saline
L-Dopa/carbidopa warmed saline,HCL,pH to 6.0
Lergotrile water
N-n-propylnorapomorphine 0.9% saline

Lisuride 0.9% saline

Pergolide 0.9% saline

Piribedil water HCL,pH to 7.2
Bromocriptine tartaric acid,ethanol,sal.
Haloperidol 1.0% lactic acid

14
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2 . C. Behavioral Measurements

gif It should be emphasized in this section that all behavioral
- ’ studies that utilized mechanical means of measurement were also
';% subject to direct observation to verify recorded behavior.

g Stereotypic behavior was directly observed in 30cm x 30cm x
. 30cm square 1.25 cm wire mesh cages. Animals engaged in

;_ stereotypic grooming were timed with stop watches, with mouth

f?f contact of body surfaces required to start the watches. Testing
%ﬁ- was discontinued and rats administered anesthetics if they began
‘f to excessively damage their forepaws.

E;t Locomotor hyperactivity was measured in banks of wire

}ij activity cages (40cm x 24cm x 18cm). The cages were equipped with
EE; a single light-emitting diode, situated 2.4 cm above the floor of
f;‘ the cage and aimed at a photodetector on the opposite side, so
i&; that the infrared beam crdssed the long axis of the cage. Beam
:5; interruptions per 10 minute period were automatically reéorded and
{ﬁi printed by a modified (G and B Electronics, Royston, U.K.) AIM 65
'Ei (Rockwell) microcomputer. Animals were habituated for 30 minutes
Si prior to injections.

if . Drug-induced rotation was measured by both trained observer

and by video-tape recording. In studies using an observer, rats
were placed in transparent hemispherical plastic bowls (diameter

36 cm) and the number of 2360 degree turns per minute was recorded

15
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every 10 minutes. Time-lapse video-tape recording (7:1 time
ratio) was made using a Sanyo VC-1200 recorder. The camera was
mounted above the hemispherical bowls, allowing simultaneous
recording of up to 12 rats. Rotational behavior was then scored
from the recording by typing data into an Apple II computer
equipped with a John Bell Eﬁgineering. Inc. 6522 Parallel 1/0 card

{(n79-295, San Carlos, Ca.) for timing purposes.

D. Biochemical Measurements

After completion of studies, rats were killed by
decapitation, and their brains rapidly removed and placed on ice
cold glass plates. The striata, NAS and olfactory tubercles were
then dissected (Glowinski and Iversen 1966; Horn et al. 1974).
The radioenzymatic assay for dopamine was slightly modified from

existing methods (Moore and Phillipson 1975; Umez» and Moore 1979;

Osterburg et al. 1981). Brain tissue was weighed and homogenized
in 50 volumes of 0.1N HCL containing 5 mM EGTA and 5 mM
glutathione. The acidified homogenates were centrifuged at 10,000
g (x force of gravity) for 1 minute in a microfuge. 10 ul
aliquots of the supernatants were added to 12 ml conical
centrifuge tubes on ice. To each tube were then added 26 ul of
"incubation mixture”. This mixture (for 30 assays) contained 49
ul of dithiothreitol (0.2 M in 0.2 M magnesium chloride), 27 ul of

S-adenosyl-L-(methyl-3H)methionine (15 Ci/mmole, I1mCi/ml,

16
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Amersham), 122 ul of freshly prepared pargyline hydrochloride

(10.2 mM), 326 ul of 1 M Tris pH 10.8, 246 ul of 0.1 M sodium
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phosphate buffer containing 10 mM EGTA, pH 7.0, and 90 ul of
catechol-O-methyltransferase prepared as described previously
(Moore and Phillipson 1975). The mixture was incubated at 37
degrees centigrade for 45 minutes. Thirty ul of 0.5 M sodium
borate buffer, pH 11, were then added, followed by 2 ml of
toluene/isoamyl alcohol (3:2). Tubes were vortexed for 30
seconds, centrifuged (1000 g, 5 min), and 1.8 mls of the upper
layer pipetted into tubes containing 100 ul of 0.1 M acetic acid
plus 25 ug each of normetanephrine and 3-methoxytyramine. These
tubes were vortexed (30 seconds), centrifuged (1000 g, 5 min) and
the upper layer removed by aspiration. The acid phase was washed

with 2 ml of toluene/isoamyl alcohol (3:2). Plastic TLC sheets

precoated with silica gel and containing a fluorescent marker were
spotted first with 5 ul of methoxyamine carrier solution (10 mg/ml
P each of normetanephrine and 3-methoxytyramine in 0.1% sodium
metabisulfite) and then with 2X 10 ul portions of the acid phase.
Chromatographs were developed ascending in freshly prepared
methylamine:ethanol:chloroform (5:18:40), air dried, and spots
visualized under ultraviolet light. The 3-methoxytyramine spots

were cut out, placed in scintillation vials, and eluted by shaking

e o 4 a ok ogi-ae e g gay A S 4

for 45 minutes with 1 m}l of freshly prepared ethyl acetate/glacial
acetic acid/water (3:3:1). 10 ml of scintillant (0.5 % PPO in

toluene/ethanol, 7:3) were added to each vial and radioactivity

-
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determined by liquid scintillation counting. External standards
(0.25, 0.5, 1.0 and 2.0 ng of dopamine) dissolved in 0.1 N HCL/5
mM EGTA/5 mM glutathione and blanks, consisting of this solution
alone, were included in each assay. Radioactivity above blank
increased linearly with amount of dopamine.

Biochemical measures of dopamine depletion and 3H—spiperone
binding in the striatonigral output model of circling behavior
were done in other laboratories. Specific 3H—spiperone binding

was measured by filtration assay (Burt et al. 1976) as modified by

Severson and Finch (1980). This work was done in Dr. James A.
Severson's lab at the University of Southern California Medical
School. High performance liquid chromatography was performed at

Dr. Richard Wilcox's lab at the University of Texas.

E. Histology

After the termination of behavioral experiments, rats (whose
brain tissues were not used for assay of dopamine) were deeply
anesthetized with Equithesin and perfused intracardially with 10%
formalin. Brains were left in 30% sucrose for at least 2 days
until they sank. Frozen sections (48 um) were then cut in a
cryostat, mounted and stained with either thionin or cresyl
violet, to verify infusion sites as well as electrolytic lesion

sites.

18
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F. Statistical methods

ANOVA (analysis of variance), paired and pooled, 2-tailed

t-tests and Mann-Whitney U tests were used to analyze data, with

. the 0.05 level of confidence requirerd for significance.
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III. MESOLIMBIC SYSTEM

A. Introduction

Locomotor hyperactivity elicited by amphetamine was thought
to involve the dopaminergic systems, but not until the pioneering
work of Kelly et al. (1975) and Pijnenburg et al. (1973, 1975) was
the association of the NAS with this behavior confirmed.
Infusions of dopamine, d-amphetamine, ergometrine (Pijnenburg and
Van Rossum 1973; Pijnenburg et al. 1973; Pijnenburg et al. 1976)
and 2-amino-6,7-~dihydroxy-1,2,3,4-tetrahydronaphthalene (Elkhawad
and Woodruff 1975) directly into the NAS resulted in locomotor
hyperactivity . 6-OHDA-induced lesions of the NAS blocked
locomotor hyperactivity, while lesions of the striatum enhanced
the locomotor stimulant actions of amphetamine (Kelly et al.
1975).

Other neurotransmitters are found in the NAS and influence
locomotor hyperactivity. Gamma-aminobutyric acid (GABA) and its
synthesizing enzyme glutamic acid decarboxylase are found in the
NAS (Balcom et al. 1975; Lloyd et al. 1977; Fonnum et al. 1977;
McGeer et al. 1978), with GABA apparently antagonizing

dopamine-mediated locomotor hyperactivity. Thus, GABA infused

20

o T Tt T L L R Rt ettt tmtar. atatasatac R I UL I P
P =

T o o e R Y T e e R e e e e e e e e e e T e e e e e e e R T T
e Doty ;\3:-,__\ R T P e AN
» Y . a .




i awra RO Ad aad B un i B Suas and aan gt ek sod - itk sl b -aiicated ade et altic Ak el e el abic ol A AL e

-
a
--‘.

into the NAS attenuated dopamine-stimulated locomotor activity
(Jones et al. 1981), and intraaccumbens muscimol (a potent GABA
agonist) blocked intraaccumbens ergometrine-induced locomotor
activity (Scheel-Kruger et al. 1977a), as well as systemic
apomorphine-induced motility (Scheel-Kruger et al. 1977b). The
NAS also contains acetylcholine (ACh) and its synthesizing enzyme
choline acetyltransferase (Shute and Lewis 1967; Heimer and Wilson
1975; Jacobowitz and Goldberg 1977; Walaas and Fonnum 1979),
however, the behavioral effects of intra-NAS ACh.are unclear. Low
doses of carbamyl chloride infused with dopamine into the NAS

. potentiated locomotor hyperactivity, while higher doses produced
no significant effect (Jones et al. 1981). Others report that

intra-NAS infusions of physostigmine and arecoline supress

intra-NAS dopamine—%nduced locomofor activity (Costall et al.
1979). 5-hydroxytryptamine (SHT) fibers from the raphe nucieus
also influence the NAS (Conrad et al. 1974; Geyer et al. 19786),
with the predominant effect of intra-NAS SHT being a reduction of
intra-NAS dopamine-stimulated locomotor activity (Costall et al.
1976a; Jones et al. 1981). Amphetamine-induced locomotor activity
is also antagonized by infusion of SHT into the NAS (Carter and
Pycock 1978). Other proposed transmitters having effects on NAS
mediated locomotor activity include neuropeptides. Thus, bombesin
(a tetradecapeptide) induces locomotor hyperactivity when infused
into the NAS (Schulz et al. 1984); neurotensin (a tridecapeptide)

infused into the NAS blocks prior dopamine-induced locomotor

21
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Zij activity (Kalivas et al. 1984); and, sulfated cholecystokinin
octapeptide intra-NAS blocks intra-NAS apomorphine-induced

'y

tﬁ‘ locomotor hyperactivity (Vaccarino and Koob 1984).
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In this section, I will examine the effects of a series of

I

¥

dopaminergic agonists in animals with bilateral 6-OHDA-induced
lesions of the NAS. This will be contrasted with the effects of

apomorphine-induced locomotor hyperactivity in control animals.

B. Experimental design

To derive dose response curves for apomorphine-induced
locomotor hyperactivity in controls (n=12), a 6 x 6, 2
replicates, balanced Latin square was used, with 3-4 days between
testing. For dopaminergic agonist-induced locomotor hyperactivity
in animals with supersensitive NAS (n=8 each drug), balanced Latinv
squares (4 x 4, 2 replicates) were used. In intracerebral
infusion experiments, animals were tested using a cross-over

format. Experiments were run a minimum of two weeks following

lesions with 6-OHDA to allow for supersensitization, and at least

one week following cannulation only.

C. Results

Systemic injections of apomorphine in animals with intact NAS

22
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Figuéé 1 shows light beam interruptions at each dose for each
10 minute period. Only the dose of 0.2 mg/kg caused significant
increases in locomotion in the absence of stereotypic activity.
Doses of 0.4 mg/kg and higher caused stereotypic activity during
the time when brain drug concentrations were high, which switched
to locomotor hyperactivity when the high dose effect began to
wane. At 3.2 mg/kg the animals engaged in stereotypic activity
throughout the 1 hour session, with little locomotor activity

observed.

Systemic injections of dopamine agonists and saline in animals

with bilateral 6-OHDA-induced lesions of NAS

Figure 2 depicts the light beam interruptions per 10 minute
period for 4 doses of apomorphine. In figures 3-8, the total
light beam interruptions during the test period for the remaining
dopaminergic drggs are‘presented. The time periods chosen for
each drug usually represent the time necessary for'thebdrug
effects to subside close to control values. Two exceptions are

the high dose of lergotrile (5.0 mg/kg) and the two highest doses

of pergolide (0.4 and 0.2 mg/kg). In both of these cases, the
effects of the agonists were close to their peak effects even

after 9 hours.
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Figure 1. Dose-response data for apomorphine-induced locomotor
activity in control animals. Each dose is represented in each
time period (left to right: 0.1 mg/kg, 0.2, 0.4, 0.8, 1.6 and 3.2
mg/kg). Vehicle injected control data precedes the intial dose in
each period. Solid line near bottom of figure represents last 10
minutes of habituation (12 + 2 locomotor counts). There was an

overall significant effect of treatment (F(5,216) = 9.01; p <

0.01), overall time effect (F(5,216) = 3.45; p < 0.01) and dose by
time interaction (F(30,216) = 5.97; p < 0.01). There was a
significant effect of treatment during the 30 - 60 minute time
periods only (F(5,216) = 8.62 at 30', = 8.90 at 40', = 11.04 at

50' and = 13.88 at 60'; p < 0.01).
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Figure 2. Dose-response data for apomorphine-induced locomotor
activity in rats with bilateral 6-0HDA-induced lesions of the
nucleus accumbens. Doses in each time period (left to right) are
0.025 mg/kg, 0.05, 0.1 and 0.2 mg/kg. There was an overall
significant effect of treatment (F(3,138) = 34.45; p < 0.01),
overall time effect (F(5,138) = 12.06; p < 0.01) and a dose by

time interaction (F(15,138) = 4.19; p < 0.01).
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Figure 3. Total locomotor counts (light beam interruptions)

o induced by L-dopa/carbidopa over a 4 hour period (mean + S.E.M. of
- 8 rats). Injections were administered subcutaneous. Activity

{ increased with dose (F(3,329) = 266.19; p < 0.01) and there was a
E dose by time interaction (F(383,329) = 7.37; p < 0.01).

-

s
LN

Dl

..,',
“ . « 3 T
b . R

T T Y,
A
‘l r

[

rvyas7or>°r
xS e T 7

28

P~ h .
‘..,1','.-, L

N
.

A

indi
‘i

7.
oo

1
4
¢,




4hrs,

2700

1800

TOTAL COUNTS

900

Vehicle

0 = L
1/.1 3/.3 10/1 30/3
L-DOPA/CARBIDOPA

Mg/Kg

...........................
.........................

) PSRN .
RSO W e I T SRR
LA A I T T T R S . e e e N e > ) e
/T ORI D D el N S T G TS VS S (5T VT S ALY S 1 & W LU T DA AL L S R SO D i




Figure 4. Total locomotor counts (light beam interruptions)
induced by lergotrile over an 8 hour period (mean + S.E.M. of 8
rats). Injections were administered subcutaneous. Activity
increased with dose (F(3,329) = 33.26; p < 0.01) and there was a

dose by time interaction (F(33,329) = 2.08; p < 0.01).
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Figure 5. Total locomotor counts (light beam interruptions)
induced by N-n-propylnorapomorphine over a 4 hour period (mean +
S.E.M. of 8 rats). Injections were administered subcutaneous.
Activity increased with dose (F(3,329) = 56.80; p < 0.01) and

there was a dose by time interaction (F(33,329) = 3.24; p < 0.01).
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Figure 6. Total locomotor counts (light beam interruptions)

induced by pergolide over a 6 hour period (mean + S.E.M. of 8

rats). Injections were administered subcutaneous. Activity
increased with dose (F(3,329) = 34.35; p < 0.01) while the dose by
time interaction was non significant (F(33,329) = 0.78; p > 0.05).

I:‘.D50 = 0.056.
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Figure 7. Total locomotor counts (light beam interruptions)
induced by piribedil over a 2.5 hour period (mean + S.E.M. of 8
rats). Injections were administered subcutaneous. Activity
increased with dose (F(3,413) = 73.39; p < 0.01) and there was a
dose by time interaction (F(42,413) = 3.32; p < 0.01). ED =

50
1.31.
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" Figure 8. Total locomotor counts (light beam interruptions)
N induced by lisuride over a 3 hour period (mean + S.E.M. of 8
rats). Injections were administered subcutaneous. Activity

increased with dose (F(3,161) = 15.85; p < 0.01) while the dose by

.

time interaction was non significant (F(15,161) = 0.81; p > 0.05).
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Effectiveness of 6-OHDA-induced lesions of the NAS

In the 8 groups of rats used to study dopamine
agonist-induced locomotor hyperactivity, dopamine concentrations
(as a per cent of control values) are presented in Table IV.
Overall depletions for the groups were 73 + 3 % in the olfactory

tubercle, 74 + 4 % in the NAS and 20 + 2 % in the striatum.

ﬁf ' Interestingly, the correlation (r = 0.38) between peak locomotor
0

X activity caused by a screening dose of 0.1 mg/kg apomorphine and
EE per cent depletion of dopamine in the NAS for each rat was not as

strong as expected (n=64).

p——r
o DA
. B

ABLE I

0
L'}

(]

Dopamine concentration (per cent of control)

>  — — — — — —— —_ " ————— " ————— Y — ——— - — T —_ " — ———— -

»

rryY ey
« &

Group oT NAS STR
Apo 19 + 7 28 + 9 86 + 8
L-dopa 21 + 5 10 + 2 79 + 6
Lerg 36 + 6 32 + 17 89 + 4
NPA 23 + 5 25 + 9 76 £ 7
Perg 42 + 9 39 + 10 81 + 7
Pirib 21 + 8 22 + 6 78 + 8
Lis 48 + 7 36 + 7 74 + 9
Sal 6 + 4 13 + 5 73 + 7

Apomorphine (Apo), n=8; L-dopa/carbidopa (L-dopa), n=7; Lergotrile
(Lerg), n=8; N-n-propylnorapomorphine (NPA), n=8; Pergolide
(perg), n=8; Piribedil (Pirib), n=8; Lisuride (Lis), n=8; Saline
(Sal), n=4. Control (n=28) values were: olfactory tubercle 2.91
+ 0.28 ug/g, nucleus accumbens 4.11 + 0.39 ug/g, striatum 5.45 +
0.42 ug/g. Values are expressed as per cent of controls assayed
in the same experiment.
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Direct infusion of apomorphine or SKF 38393 into intact and

dopamine depleted NAS

In Figures 9 and 10 it can be seen that direct infusion of

. ) apomorphine (10 ug) and SKF 38393 (15 ug), a purported D-1
i: agonist, into dopamine-depleted NAS caused a significant increase
FI in locomotor activity compared to vehicle infusion. Peak

locomotor counts (per 30 minute period) following infusion of

apomorphine (788 + 221, mean + S.E.M.) and SKF 38393 (867 + 211,
mean + S.E.M. ) occurred at 1 hour and 4 hours, respectively.
infusion of apomorphine (10 ug) into intact NAS also significantly
increased locomotor activity compared to vehicle infusion. As
well, the difference between apomorphine infusion into normal and.
supersensitive NAS was significant. SKF 38393 infusions into
intact NAS did not significantly increase locomotor activity (515
+ 186, mean + S.E.M., counts for the 4 hour test period, n=7)
compared to vehicle infusion for the same time period (176 + 24,

mean + S.E.M.).
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D. Discussion

T gy
ST a2

py o
“*

The role of the nucleus accumbens in drug-induced locomotor

hyperactivity has been confirmed in these studies. A variety of

-y rTr Ty

et g

dopamine agonists were effective in producing locomotion in

41

A A A2

'r.' .'.. N . e . . - e . B - .
~-. . . . . - . N I 4

) AR S ~ L e ¥J
‘_g _}‘LJ\.)\FJ L)\.h.n_h-l_l_A_lh\' ‘..L‘Al‘\) e e e e e PP A VO P TP U




b R e *alin tnil Wath nelh vag aal Sl st Sl il Ml SISl Sads Salie S Atil At A

Figure 9. Effects of intraaccumbens infusion of 10 ug apomorphine
in animals with supersensitive and intact NAS, compared to vehicle
infusion (cross-over, n = 6 each group). Animals with
supersensitive NAS were more active than intact animals.
Apomorphine groups differed significantly from vehicle infused

controls (F(1,8) = 13.8; p < 0.01).
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Figure 10. Effects of intraaccumbens SKF 38393 (15 ug) on
locomotor activity in animals with supersensitive NAS compared to
vehicle infusion {cross-over, n = 6 each group). Infusion of SKF
38393 differed significantly from vehicle infused controls

(F(1,95) = 74.88; p < 0.01).
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animals with bilateral 6-0HDA-induced lesions of the accumbens,
lesions which depleted NAS dopamine by 74% while having mild
effects on dopamine in the striatum (20% depletion). The overall
behavior caused by each of these drugs appeared identical, i.e.,
occasional rearing, sniffing and frequent cage crossings.

The direct infusion of apomorphine and SKF 38393 into
dopamine-depleted NAS also caused locomotor hyperactivity, but
approximately two-fold higher compared to systemic injections.
Both drugs produced similar maximum responses with that for
apomorphine occuring at 1 hour and for SKF 38393 at 4 hours post
infusion. Thus, a mixed dopamine agonist and a proposed D-1
specific agonist gave similar results when infused into
dopamine-depleted NAS. Infusions of apomorphine into intact NAS
also resulted in locomotor hyperactivity while SKF 38393 infusions
did not. Others have noted inconsistent results with infusions of
dopaminergic agonists into intact NAS, which could explain the
lack of effect of SKF 38393 in this study (Van Rossum et al.
1977).

In normal animals, only a narrow dose range of apomorphine
caused locomotor hyperactivity without stereotypic activity. A
dose of 0.1 mg/kg was insufficient to cause locomotion (in fact
decreased it), while 0.4 mg/kg and higher doses caused stereotypic
behavior which interferred with the expression of locomotor
hyperactivity. In this experiment (using a Single infrared light

beam across the long axis of the cage) only the dose of 0.2 mg/kg
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apomorphine produced enhanced locomotor hyperactivity in the first
N
h 30 minutes. Other studies present conflicting data concerning
apomorphine-induced locomotor activity in normal rats. Part of
this conflict can be explained by the use of different types of
activity monitoring devices. Some investigators have used
actometers (which have stainless steel grid floors attached to a
DC current generator) and report locomotor hyperactivity at doses
of apomorphine in the range of 0.25 to 0.625 mg/kg (Montanaro et
al. 1983). Others using devices similar to mine (except for
multiple light beams) either report no facilitation of locomotion
with apomorphine (Costall et al. 1977) or a general trend for all
doses tested to caﬁse increasing locomotion with peak effects
occuring at 5.0 mg/kg (Fray et al. 1980). 1In the present study,
doses of apomorphine that caused stereotypy in early stages of the
drug effect, caused enhanced locomotion when the drug effect was
in latter stages. Thus, whereas 0.2 mg/kg apomorphine gave a
maximum response at 30 minutes, 0.4 mg/kg was at 40 minutes, 0.8
mg/kg at 50 min. and 1.6 mg/kg at 60 min.

Locomotor activity in these studies has been shown to be
intimately associated with the nucleus accumbens. Thus, systemic

injections in animals with supersensitive NAS and direct infusions

into intact and supersensitive NAS resulted in locomotor
hyperactivity. The narrow dose range for apomorphine-induced
locomotor hyperactivity in control animals is interesting when

compared to the effective dose range for amphetamine (which shows
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a greater range). This may indicate a greater difference in
effective dose ranges of amphetamine for the two behavioral
responses. Thus, locomotor activity is expressed over a wider
dose range with little interference by stereotypic behavior. If
as these and and other data suggest, locomotor activity and
stereotypic activity reflect dopamine stimulation in accumbens and
striatum respectiviely, the emergence of the two behaviors at
different relative doses may reflect this anatomical relationship.

In the next section, a further difference in
apomorphine-induced behaviors between the NAS and striatum will be
examined. Whereas apomorphine administration in animals with
supersensitive NAS resulted in amplified locomotor activity,
apomorpnine in animals with bilaterally supersensitive striata did
not result in a clear amplification of striatally-mediated

stereotypy.
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IV. NIGROSTRIATAL SYSTEM

A. Introduction

The nigrostriatal dopamine pathway in the rat has been
associated with drug-induced stereotypic behavior. This
drug-induced stereotypy is characterized by a continuous
repetition of behavioral patterns to an exclusion of normal
behaviors, such as grooming, eating and drinking (Randrup et al.
1963; Fog et dl. 1966ab; Ernst 1967). In a review of stereotypic
behavior, Fog (1972) described the effects in rats of 10 mg/kg
d-amphetamine: "----- 5-10 minutes after injection, sniffing in the
air and of the walls and bottom of the cage starts. The sniffing
increases and becomes accompanied by licking and biting at the
wire netting. The locomotion decreases along with other normal
activities such as grooming, eating and drinking, and is totally
absent after 30-40 min. following the amphetamine injection. The
stereotypy phase begins thereafter, reaches its maximum after 1
hour and ceases 2 to 3 hours later. It is characterized by
continuous sniffing, licking and biting at the wires covering only
a small area of the cage floor. Forward locomotion is

absent--only bursts of backward locomotion are occasionally seen."

The preferential involvement of the striatum in this behavior has
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been confirmed by both infusions of neuroleptics into the striatum
to block systemic amphetamine-induced stereotypy (Fog et al. 1968,
1971) and by direct infusion of dopaminergic agonists into the
striatum to produce stereotypy {(Costall et al. 1980; Costall and
Naylor 1981; Joyce 1983). Other transmitters closely associated
with striatal dopamine can also .odify drug-induced stereotypy.
Thus, anticholinergic drugs amplify amphetamine-iﬁduced stereotypy
(Fog et al. 1966ab; Fog 1967) while cholinergic agonists block
apomorphine and amphetamine-induced stereotypy (Gonzalez and
Elinwood, 1984). GABA-ergic agonists also possess the ability to
block amphetamine'and apomorphine-induced stereotypy (Ellinwood et
al. 1983). Stereotypic behavior can also be elicited by
stimulation of structures efferent to the striatum. Gnawing and
licking was noted following infusion of dopamine into the globus
pallidus, and by muscimol (a GABA receptor agonist) infused in the
substantia nigra pars reticulata (Joyce 1983; Olianas 1978). As
well, gnawing behavior has been observed following infusion of
picrotoxin into the dorsal mesencephalic reticular formation and
the deep layers of the superior colliculus (biChiara et al. 1981;
Redgrave et al. 1981).

The main objective of this section is to study the effects of
dopamine agonists in animals with bilateral 6-OHDA-induced lesions
of the striata (to determine whether denervation will specifically
accentuate striatally-mediated behavior). Unilateral destruction

of the nigro-striatal dopamine pathway by 6-OHDA has been used
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extensively to study the effects of direct and indirect dopamine
agonists on rotational behavior in rodents. Very few studies have
examined drug-induced behaviors following bilateral lesions.
Although increases in the intensity of apomorphine-induced
stereotypic activity have been described after bilateral lesions
(Schoenfeld and Uretsky 1972; Creese and Iversen 1973), it has not
been quantitatively evaluated. Estimates of lesion-induced
supersensitization using a rotational model ;n rats and mice with
gstriato-nigral electrolytic lesions are as great as thirty fold
(Marshall and Ungerstedt 1977; Mandel and Randall 1985) In
contrast, supersensitization of stereotypic activity utilizing
chronic neuroleptics rgsults in an apparent 2 fold shift to the
left (Randall and Randall, in prep) of the dose response curve,
even though increments in dopamine receptor number are roughly
comparable (Creese et al. 1977; Burt =t al. 1977).

A number of investigators have noted stereotypic grooming and
self-mutilation in bilaterally or even unilaterally 6-0HDA
lesioned rats (Ungerstedt 1971; Price and fibiger 1974; Marshall
and Ungerstedt 1977). Breese (1984) also reported stereotypic
grooming in adult rats which received intraventricular 6-OHDA as
neonates. This behavidr is not observed after acute apomorphine
treatment in intact animals.

It is important to determine whe:her altered forms of
apomorphine-induced behavior in supersensitized animals might

represent simply an extreme intensifi:ation of the normal




response. Alterations in the quality of the response are
indicative of a much more complex effect of denervation than
simple supersensitization. This study will utilize lesions which
specificélly deplete dopamine in the striatum without affecting

the NAS.
B. Experimental Design

Dose response curves for apomorphine in animals with
bilateral lesions of the striatum, in intact animals and in
intact, food deprived animals were derived from experimental
designs using balanced Latin Squares. In this design, there were
4 doses of apomorphine administered to each animal (n=8) over a
period of 4 weeks (4 x 4, 2 replicates). Every dose followed

every other dose, with the last day repeated 1 week later.
C. Results

.Stereotypic grooming following systemic injections of dopaminergic

agents.

Animals with bilateral 6-OHDA-induced lesions of the
nigro-striatal pathway failed to show the normal pattern of
apomorphine-induced stereotypic behavior. Instead, the

predominate response was grooming-like behavior which at higher
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Figure 11. Dose-response for apomorphine-induced stereotypic

grooming. ANOVA: dose, p<0.01; log-linear, p<0.01, with no

L Ve G O T

significant departure, p>0.10. Mean + S.E.M, n=8, balanced Latin

Square.
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doses became self-injurious. Stereotypic grooming behavior in
most animals was directed at the forepaws, however, other parts of
the forelimbs, the rear paws and flanks were sometimes involved.
Animals would typically assume a posture of normal facial grooming
with the forepaws held close to the mouth, but then instead of
running the paws over the snout and attending to other body parts
(as is typical in normal grooming), the animals would remain
frozen for up to 40 minutes mouthing their paws. At higher doses
of apomorphine, biting was more intense and usually resulted in
tissue damage. The ED50 for stereotypic grooming was 0.034 mg/kg
(Figure 11). 1In intact animals much higher doses of apomorphine
(15 to 60 mg/kg) never caused self directed gnawing or licking
behavior. The ED50 for the appearance of biting (at the walls of
the enclosure) in intact animals was 0.3 mg/kg. Other dopamine
agonists also produced stereotypic grooming in animals with
bilateral striatal lesions(identical to apomorphine-induced
stereotypic grooming). L-dopa/carbidopa (30:3 and 10:1 mg/kg)
caused stereotypic grooming that lasted for 67.5 + 12.5 minutes

{mean » S.E.M., n=2 each dose, averaged over 2 doses),

N-n-propylnorapomorphine (1.0, 0.25 and 0.05 mg/kg) for 65 + 13.6

minutes (n=2 each dose, averaged over 3 doses), pergolide (1.0,

0.25 and 0.05 mg/kg) for 53.3 + 10.5 minutes (n=2 each dose,

- *
-'. LA T R

B} e . B
.

0 Bl o Jae b gl 4

averaged over 3 doses) and bromocriptine (10 mg/kg) for 25 + 8.7

minutes (n=4)
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The stereotypic grooming produced by systemic apomorphine is
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Figure 12. Effects of haloperidol (0.5 mg/kg) or vehicle on
apomorphine-induced (0.3 mg/kg) stereotypic grooming. *p<0.05,

Mann-Whitney U test. Mean + S.E.M., n=5, cross-over design.
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sensitive to haloperidol. Animals administered haloperidol (0.5
mg/kg) 2 hours prior to apomorphine (0.3 mg/kg) showed a
significant reduction in stereotypic grooming compared to vehicle

controls (Figure 12).

Correlation between dopamine depletion, weight loss and

stereotypic grooming.

Body weight loss and stereotypic grooming were highly
correlated with dopamine depletion in animals with lesions
{Figures 13,14). However, weight loss caused by 6-0HDA-induced
lesions is not a contributing factor to this behavior} since
food-deprived controls with comparable weight loss did not exhibit

stereotypic grooming.

Direct bilateral infusion of dopaminergic agents into denervated

striata.

Apomorphine (10 ug) infused bilaterally caused stereotypic
grooming qualitatively similar to systemic injections. In Figure
15, the total time spent in stereotypic grooming behavior

following apomorphine (21 + 4 minutes, mean + S.E.M.) is compared

to vehicle infusion which did not cause this behavior. In
another group of rats, the effects of SCH 23390 (1lug) or sulpiride

(lug) infused 30 minutes prior to the infusion of 10 ug
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Figure 13. Correlation between body weight (10 days after lesion)

and striatal dopamine depletion, n=16.
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Figure 14. Correlation between stereotypic grooming and dopamine

depletion, n=8. Points represent total duration of stereotypic

grooming across 4 doses of apomorphine.
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Figure 15. Effects of intrastriatal apomorphine (n=12) or vehicle

i (n=4) in bilateral denervated striata. Intrastriatal sulpiride (1

ug,n=11) and SCH 23390 (1 ug,n=11) reduced intrastriatal

J apomorphine-induced stereotypic grooming, *p<0.01, Mann-Whitney U

test, Mean + S.E.M., cross-over design.
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apomorphine is also presented (Figure 15). Both dopamine
antagonists decreased stereotypic grooming time, SCH 23390 by 81%
and sulpiride by 76% (no significant differences between compounds

at this dose).

Infusion of SKF 38393 (30 ug) produced a qualitatively
different stereotyped behavior (which was self-directed) compared
to apomorphine infusion. Whereas apomorphine-indiced behaviors
were predominantly directed toward the forepaws, SKF 38393
behaviors were directed toward the flanks and genital regioms.

The time course of SKF 38393 was long (> 4 hrs.) but in 4 of the 6
animals tested there was a delay of approximately 2 hours after

the infusion before behavioral arousal occurred.

Biochemical data

Regional assay data for animals used to derive the ED50 for
apomorphine-induced stereotypic grooming (n=8) and for animals
used in testing other dopamine agonists (n=8) is presented in
Table V. Animals were sacrificed approximately 1 month following
surgery. Lesions produced a significant (81%) depletion of

dopamine in the striatum while having non-significant effects in

the nucleus accumbens (7%) and olfactory tubercle (25%).
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Table V.

Dopamine Values (ug/g)

oT NAS STR
Controls 1.:12 + 0.22 1.36 + 0.17 2.61 + 0.40
(n=8)
6-CiDA 0.34 + 0.10 1.27 + 0.08 0.49 + 0.08*
: lesion
(n=16)
% control 75% n.s. 93% n.s. 19%

i ———— ——— v ——— ———— " ——— . - — - —————— - ———————— —— - — > - - ————

OT (olfactory tubercle), NAS (nucleus accumbens), STR (striatum)
* p <0.01 (Mann-Whitney U test) compared to striatum of controls.

D. Discussion

Administration of dopamine agonists to rats with bilateral
6—OHDA-induced lesions of the nigro-striatal dopamine pathway
invariably caused stereotypic grooming (for forty minutes or more
with little intervening behavior). This behavior was characterized

by mouthing of body parts, especially of the forepaws and

-F; forelimbs, with self-mutilation occurring at higher doses of
-7 agonists. Stereotypic grooming was an unexpected behavior, as we
originally intended to study the effects of various dopamine
e agonists in causing stereotypy following dopamine depletion.

Instead of observing an amplification of typical amphetamine- or

apomorphine-induced stereotypy, an entirely unique behavior
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emerged.

Stereotypic grooming following bilateral 6-OHDA lesions
appears to be a true alteration in the form of apomorphine-induced
behavior rather than simply a very intense form of the
drug-induced behavior in unlesioned animals. First, unlesioned
rats fail to show the stereotypic grooming response even at very
high doses (up to 60 mg/kg) of apomorphine. Secondly, the
striatal-dopamine depleted rats fai}ed to show typical stereotypic

activity (sniffing, head weaving, etc.) at doses below those at

which stereotypic grooming is observed (0.0125 mg/kg). The
disappearance of normal stereotypic behavior may result from
response incompatibiltiy, i.e., stereotypic grooming itself blocks
normal stereotypic behavior. If this is the case, the ED50 for
stereotypic behavior in the denervated rat must be considerably
higher than that for the grooming response.

The caudate nucleus seems to be the primary structuare
involved in stereotypic grooming since the lesions were specific
to this nucleus and because local infusion of apomorphine into the
caudate was as effective as systemic injection. Interestingly,

the posture assumed by the rats closely resembles postures used

during feeding (when food is held with the forepaws) or normal

facial grooming. 1In this regard both aphagia (following lesions
of the ascending nigro-striatal dopamine pathway) and grooming
{induced by intraventricular ACTH) have been associated with the

caudate nucleus. One study, using rats with recent (24-48 hours
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previously) bilateral 6-OHDA-induced lesions of the dopamine
pathways, noted reversal of aphagia and akinesia by apomorphine
(0.1 mg/kg sc) (Ljungberg and Ungerstedt 1976). These animals were
noted to grasp food pellets in their forepaws and eat, maintaining
this posture for 15-20 minutes and then slowly reverted back to
akinesia. Thus, administration of apomorphine appears to release

motoric components of eating behavior.

Although the striatal origins of stereotypic grooming seem
clear, the pharmacological specificity of this response is not.
The stereotypic grooming induced by dopamine agonists appears to
be antagonized by both Di and D2 agents. This may in part be due

to the dose of antagonists used in this study, as current work in

LA

this laboratory (Yurek and Randall in preparation) indicate that
extremely low doses of antagonists are needed to differentiate

dopamine sub-type mediated behaviors. However, there was a

difference noted in behavior when SKF 38393 (selective D1 agonist)
or apomorphine was infused into the caudate nucleus. Whereas
apomorphine behaviors were focused on the forepaws and included
much biting, SKF 38393 behaviors were directed at the flanks and
abdominal areas and included more licking. Systemic SKF 38393 has
also been reported to cause prominent grooming behavior directed
into the body in rats without prior lesion (Molloy and Waddington
1984). This behavior was antagonized by SCH 23390, but not by
metoclopramide (specific D2 antagonist).

Substances such as ACTH and morphine can also induce
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f' treated with intraventricular or intracisternal 6-OHDA self
f,f mutilate when challenged with apomorphine as adults (Creese and
t}: Iversen 1973; Breese et al. 1984). Interestingly, adult animals
mi administered 6-OHDA using the same techniques do not self-mutilate
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grooming-like responses in rats,
dopamine pathways. The grooming

ACTH is of much shorter duration
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apparently requiring intact
induced by intraventricular (ICV)

and less focused compared to the

behavior observed in the present studies (Gispen et al. 1975).
ACTH-induced grooming can be blocked by systemic haloperidol
(Guild and Dunn 1982) or by infusion of haloperidol into the
caudate nucleus (Wiegant et al. 1977). Naloxone (systemic) was
also noted to block ICV ACTH-induced excessive grooming (Gispen
and Isaacson 1981), suggesting the involvement of the opiate
system in grooming behavior. This has been confirmed by the
grooming induced by systemic and ICV infusions of morphine (Ayan
and Randrup 1973; Gispen and Isaacson 1981). Morphine-induced
grooming also seems to be dependent on intact dopamine pathways
(Ayan and Randrup 1973). Of interest to this study, it has also
been noted that chronic morphine administration. in rats results in
the onset of self-mutilation, especially of the forepaws (Fog
1970; Leander et al. 1975; Charness et al. 1975; Lucot ét al.
1979).

Other studies have used bilateral 6-OHDA-induced lesions of
the dopamine pathways and also reported self-directed biting and

mutilation (Ungerstedt 1971; Price and Fibiger 1974). Neonates
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to apomorphine challenge (Schoenfeld and Uretsky 1972; Breese et
al. 1984). The occurence of self-mutilation in rats following
6-QHDA has prompted comparisons of this behavior with the human
disorder Lesch-Nyhan syndrome. This disorder is characterized by
involuntary movement, self-mutilation (especially of the fingers
and lips) and decreased dopamine markers in the basal ganglia
(Lesch and Nvhan 1964; Lloyd et al. 1981).

Self-mutilation can be produced in rodents by other agents
without prior dopamine depletion (see Baumeister and Frye 1984).
Generally these agents were administered chronically and
systemically, although there was one report of self-mutilation
following infusion of 5'N ethylcarboxamide adenosine into the
striatum followed by systemic apomorphine (Green et al. 1982).
Also, local infusion of muscimol into the substantia nigra pars
reticulata and picrotoxin into the superior colliculus, systems
distal to the striatum, result in self-bit@ng (Scheel-Kruger et
al. 1977c; Redgrave et al. 1981; Taha et al. 1982; Baumeister and‘
Frye 1984).

It is unclear why intraventricular (ICV) 6-OHDA in adults
does not cause stereotypic grooming. One possibility is that some
striatal regions, most likely near the globus pallidus (GP), were
depleted to a lesser extent by ICV 6-OHDA. Our 6-OHDA lesions are
made in the tail of the caudate, near the GP. These regions have
been reportec to selectively cause biting behaviors when dopamine

agonists have been directly infused (Joyce 1983). ICV 6-0HDA in
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:é neonates may lead to a more complete depletion of dopamine

N‘- (Erinoff et al. 1984). Consistent with this is the high degree of
té; stereotypic grooming in animals receiving ICV 6—OﬂDA as neonates
é;} (tested as adults) (Breese et al. 1984).

- ) The character of dr.ug-induced responses following dopamine
F:; . depletion suggests caution in the interpretation of dose-response

data based on univariate or automated data collection. Dircct
observation is a valuable adjunct to automated procedures (Rebec

and Bashore 1984; DiChiara and Morelli 1984).
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V. MESOLIMBIC AND NIGROSTRIATAL INTERACTIONS

A. General introduction

The two major dopamine containing structures in the brain
(the NAS and striatum) have particular, drug-induced behaviors
associated with them. Whereas locomotor activity seems to be the
predominant motor behavior associated with the NAS, stereotypic
behavior is the major motor behavior of the striatum. Few studies
have examined instances where the NAS and striatum interact to
either enhance or diminish a particular behavior. In this section
three motor behaviors will be examined to test interactions of the
NAS and striatum: circling, after lesions of the nigrostriatal
pathway (experiment 1) and after lesions of the striatonigral
pathway (experiment 2), locomotor hyperactivity (experiment 3) and
stereotypic grooming (experiment 4).

Since locomotor hyperactivity and stereotypic grooming were

covered in depth in the preceding two sections, the introduction

for each of these behaviors will be brief.

A = w .
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f B. Experiment 1: circling, nigrostriatal model

1. Introduction

The drug-induced rotation of rats with unilateral lesions of
the nigrostriatal dopaminergic pathway (Ungerstedt and Arbuthnott
1970; Ungerstedt 71a,b) has served as a useful, simplified model

for investigating the brain mechanmisms involved in motor function

(Pycock 1980). Circling behavior is thought to result from a
functional imbalance between aséending dopaminergic nigrostriatal
pathways in the left and right brain hemispheres (Ungerstedt and
Arbuthnott 1970; Arbuthnott and Crow 1971; Crow 1971; Ungerstedt
1971a; Costall et al. 1972). Rats with 6-OHDA-induced lesions of
the striatum or substantia nigra turn ipsilateral to the lesion
gside following amphetamine adpinistration and contralateral with
apomorphine'administration. The amphetamine-induced turning is
caused by an increased release of dopamine from nigrostriatal
terminals in the intact side, while apomorphine stimulates
supersensitive dopamine receptors on the lesion side (Anden et al.

1966b; Ungerstedt and Arbuthnott 1970; Crow 1971; Christie and

Crow 1971; Ungerstedt 1971ab; Christie and Crow 1973; Von
Voigtlander and Moore 1973). After electrolytic lesions of the

striatum, both amphetamine and apomorphine cause ipsilateral

& ani asi il i S« S g

turning to the lesion side, since both dopaminergic nerve endings

and dopamine receptors have been destroyed
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Activity at mesolimbic dopaminergic terminals also influences
circling behavior. On the basis of observations that
amphetamine-induced circling is blocked by destruction of the
mesolimbic dopamine system (Kelly and Moore 1976; Kelly and Moore

1977;: Pycock and Marsden 1978) or by injections of a dopamine

antagonist directly into the NAS (Kelly and Moore 1977), it has

;\ been proposed that mesolimbic dopaminergic activity modulates this

behavior as if by altering the gain of an amplifier involved in
translating nigrostriatal dopaminergic activity into behavior
(Kelly 1977; Moore and Kelly 1978). From these studies it can be
seen that drug-induced circling behavior provides the best example
of cooperation between the NAS and striatum. The striatum has
been proposed to provide the postural component of circling, while
the NAS provides the locomotion (Kelly and Moore 1977; Pycock and
Marsden 1978). This hypotheéis rests on studies linking each
structure with only one of the two essential ingredients necessary
for circling. For example, unilateral 6-OHDA-induced lesions of
the NAS do not cause drug-induced postural assymetry (Kelly 1975),

while unilateral lesions of the striatum do (Anden et al. 1966b).

-t Direct unilateral infusions of dopamine or dopaminergic agonists

.
1

L S Y
D

into the striatum (Costall et al. 1974) or electrical stimulation

PO,

of the striatum (Zimmerberg and Glick 1974) cause contralateral

@

turning of the head and body with little circling. Bilateral
6-OHDA-induced lesions of the NAS result in apomorphine-induced

locomotor hyperactivity, while bilateral lesions of the striatum
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do not (see sections III and IV).

2. Experimental design

Animals with 6-OHDA-induced lesions were screened by
amphetamine-induced rotation 9 days following lesion. Animals
thus chosen were then used (at two weeks post 6-OHDA) for
intraaccumbens experiments which followed a cross-over design with

each animal receiving both vehicle and drug.

3. Results

Direct infusions of dopaminergic agonists into "supersensitive"

striatum

Unilateral infusion of SKF 38393 (up to 60 ug), apomorphine
(up to 20 ug) and LY 151777 (up to 16 ug) into a dopamine-depleted
striatum caused contralateral head turning and body posturing.
Circling was not observed. Dopamine depletion in these animals
ranged from 40% to 87% (3.50 + 0.35 ug/g intact striatum, 0.95 +
0.18 ug/g depleted striatum, mean + S.E.M., n=6). Systemic
injections of amphetamine in these same animals caused expected
ipsiversive circling (figure 16), while apomorphine-induced

circling was in the contraversive direction, with a peak rate of

approximately 4 revolutions/min. at 30 min. post injection
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Figure 16. Amphetamine-induced (5 mg/kg) rotation towards the
lesion side in animals used for intrastriatal infusion of
dopaminergic agonists. Systemic apomorphine caused rotation in

the opposite direction.
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(results not shown).

Effects on amphetamine-induced circling of intraaccumbens GABA or

muscimol; Injection rate 1iul/min.

Figures 17 and 18 illustrate the effects of GABA and muscimol
on the total turns in the 120 minutes following amphetamine
injection. Amphetamine-induced circling was clearly reduced by

both compounds, muscimol being approximately 104

times more potent
than GABA. The duration of the effect of GABA was dose-related

(Fig.17).

Effect of muscimol or picrotoxin injected into nucleus accumbens

on amphetamine-induced circling; Injection rate 0.11 ul/min

Amphetamine-induced circling was significantly reduced when
40 ng or 200 ng of muscimol in 0.5 ul was infused bilaterally into
the nucleus accumbens at the rate of 0.11 ul/min (Fig 19). In the
150 minutes following amphetamine injection animals receiving 40
ng of muscimol made a total of 139 + 23 turns (mean + S.E.M.)
after intra-accumbens muscimol, and 2114 + 546 turns (mean +
S.E.M.) after intra-accumbens saline (p<0.01, t-test). The
corresponding values for animals which received 200 ng of muscimol
were 54 + 44 and 1866 + 259 (p<0.01, t-test).

In experiments with intra-accumbens picrotoxin the dose of
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e Figure 17. Circling towards the side of the 6-0HDA lesion induced
o by amphetamine (5 mg/kg) after intraaccumbens saline (1 ul) or
GABA (125 ug/ 1 ul and 500 ug/ 1 ul). Mean + S.E.M. of 6 rats

s (left panel) and 5 rats (right panel). Animals received GABA or

[ .'1:,
f~{- saline in a cross-over design.
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Figure 18. Circling towards the side of the 6-OHDA lesion induced
by amphetamine (5 mg/kg) after intraaccumbens saline (1 ul) or
muscimol (40 ng/ 1 ul and 200 ng/ 1 ul). Mean + S.E.M. of
separate groups of 4 rats for each treatment. Animals received

muscimol or saline in a cross-over design.
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Figure 19. Amphetamine-induced (5 mg/kg) circling after

intraaccumbens saline (0.5 ul) or muscimol (40ng or 200 ng in 0.5

ul). Mean + S.E.M. The effect of each dose was assessed in

cross-over experiments on separate groups of 4 rats.
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amphetamine was reduced to 2.0 mg/kg to allow a facilitatory

effect of picrotoxin, if present, to be observed. However, no
such effect could be detected after intracranial doses of either
12.5, 50 or 625 ng of picrotoxin, although there was a tendency
for the highest dose to increase the initial rate of circling (Fig

20).

Effect of intra-accumbens muscimol on apomorphine-induced circling
in rats with unilateral nigrostriatal destruction and bilateral

lesions of mesolimbic dopamine neurons

Muscimol (40 ng, 0.5ul, 0.11 ul/min) significantly reduced
the contralateral circling evoked by apomorphine (1 mg/kg SC) in
rats with bilateral 6-OHDA-induced lesion of mesolimbic dopamine
neurons in addition to their unilateral 6-OHDA-induced
nigrostriatal lesion. In the hour after apoﬁorphine injection
total turns per rat were 336 + 62 after intra-accumbens saline and
119 + 83 after intra-accumbens muscimol. These values differed

significantly (p<0.01, paired t-test, n=5).
4. Discussion
Previous studies have provided evidence that the drug-induced

circling of rats with unilateral nigrostriatal lesions depends not

only on nigrostriatal dopaminergic activity, but also on
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Figure 20. Amphetamine-induced (2 mg/kg) circling after

intraaccumbens saline (0.5 ul) or picrotoxin (625 ng). Mean +
S.E.M. of 5 rats. Animals received picrotoxin or saline in a

cross-over design.
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mesolimbic dopaminergic activity in the nucleus accumbens. In
rats with unilateral 6-OHDA-induced lesions of the nigrostriatal
pathway amphetamine-induced circling was blocked by mesolimbic
dopamine neuron destructicn (Kelly and Moore 1976; Kelly and Moore
1977; Pycock and Marsden 1978), whereas apomorphine-induced
circling was enhanced (Kelly and Moore 1976; Kelly and Moore
1977). Microinjection of haloperidol into the nucleus accumbens
re@uced the circling provoked by either amphetamine or apomorphine
(Kelly and Moore 1977). These results support tﬁe view that
dopaminergic activity in the nucleus accumbens is able to modulate
one of the steps involved in the translation of nigrostriatal
dopaminergic asymmetry into circling behavior. In support of the
importance of the NAS in drug-induced circling, direct unilateral
infusions of dopaminergic agonisfs (a D-1 specific, a D-2 specific
and a mixed agonist) into prior dopamine-depleted striata did not . n
result in circling behavior.

At least two hypotheses may account for the lack of circling
noted after intrastriatal infusion, the degree of dopamine
depletion and the infusion site. In one study, animals with
partial lesions of the nigrostriatal dopamine pathway, resulting
in less than 90% destruction of dopaminergic neurons, exhibited no
rotation to 1 mg/kg apomorphine (Hefti et al. 1980). These same
animals rotated to amphetamine (5 mg/kg), some with only 50%
neuronal destruction. In my study, both amphetamine (5 mg/kg) and

apomorphine {1 mg/kg) resulted in circling behavior even though
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lack of rotation following intrastriatal infusion cannot be due to
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agents. Other investigators have reported predominantly postural
) deviation with little circling after infusion of dopamiﬁe or its
‘;ﬁ, - agonists into intact striatum (Ungerstedt et al. 1969; McKenzie et
5i4 al. 1972; Costall et al. 1976), however circling was noted in
o denervated striatum (Costall et al. 1976). In contrast, following
monoamine oxidase inhibition, intrastriatal infusion of dopamine
Y in intact and denervated striatum did result in circling behavior
i (Ungerstedt et al. 1978; Setler et al. 1978), with the shift to
the left in dose-response reported to be from 30 to 100 fold.

The anatomical site of infusion may play a role in circling
5o behavior seen after dipect intrastriatal treatment. In this
: study, my infusion site was in the central part of the striatum
which may be less sensitive to agonist-induced circling behavior.

Dopamine was reported to be. more effective in causing rotation

Wt
o a4y 4,

after medial striatal infusion than after lateral striatal
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.
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infusion, which caused more postural deviation than circling
- (Joyce and Van Hartesveldt 1984). This may account for some of

the aforementioned variable results.

2 In the experiments concerning alterations of drug-induced
circling by intraaccumbens infusions, the results of GABA-ergic

activity in the NAS indicates an opposite effect compared to

St e
s

dopamine. Whereas dopamine in the nucleus accumbens facilitates
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drug-induced circling, GABA-ergic activity appears to inhibit it,
since microinjections of GABA or muscimol into the nucleus
accumbens reduced amphetamine-induced circling. These initial
results were obtained with injections in a volume of 1 ul at the
rate of 1 ul/min. Injection rates and volumes equal to or greater
than these are not uncommon in studies of the actions of
neurotransmitters in the nucleus accumbens and other brain regions
(see Table 2).

Using a slower infusion rate (0.5 ul at a rate of 0.11
ul/min), muscimol was still able to block amphetamine-induced
circling. Moreover, similar injections reduced the
apomorphine-induced circling of rats with unilateral nigrostriatal
lesions and bilateral mesolimbic dopamine neuron destruction. The
effect of muscimol on drug-induced circling, therefore, appears to
be mediated at least partly on neurons which are postsynaptic to
dopaminergic terminals, although a possible additional effect on
dopamine release is nof excluded. Picrotoxin exerted.no effect on
amphetamine-induced circling in the doses used hefe. Since the
highest dose elicited signs of seizure activity in two of five
animals tested, higher doses were not used. A possible
explanation of the lack of effect of picrotoxin is that the
GABA-ergic neurons in the nucleus accumbens which inhibit
drug-induced circling are near-maximally inhibited by the dose of
amphetamine administered. Though conclusive evidence on this

point is not available, the observation that GABA turnover in
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Ef& nucleus accumbens is stimulated by dopamine antagonists (Marco et

al. 1976) is consistent with it. Other indirect support for this
;}y view is the finding that the predominant response of neuronal cell
: bodies in the nucleus accumbens to systemically-administered
amphetamine is a prolonged depression of firing rate (Bashore et
al. 1978; Rebec et al. 1979). It may also be pertinent that in
other brain regions the behavioral effect of picrotoxin is not
invariably the opposite of that of GABA or muscimol. For example,
in a detailed analysis of the behavioral effects of muscimol or

picrotoxin injected unilaterally into varieous nigral loci

Kozlowski and Marshall (1980) observed contralateral circling when

either agent was injected into the substantia nigra pars

!tﬁ reticulata. Others (Olpe et al. 1977) have observed a similar

- pattern of results when the picrotoxin injection volume was small
L-_‘

[ (0.5 ul) but not when it was larger (2.0ul).

- The studies presented here provide evidence that GABA-ergic

R mechanisms within the nucleus accumbens inhibit the rate of

drug-induced circling. This effect appears to be mediated at

least partly by an action post-synaptic to the dopaminergic input.
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C. Experiment 2: circling-striatonigral lesions
1. Introduction

Another model of circling behavior involves lesions of the
descending striatohigral pathway. The perceived role of this
pathway in motor activity has changed from one of modulation of
dopaminergic neuronal activity (Bunney and Aghajanian 1976; James
and Starr 1978; Dray 1979) to a major function as an output system
via substantia nigra pars reticulata non-dopaminergic neurons
(Garcia-Munoz et al. 1977; Marshall and Ungerstedt 1977a; DiChiara
et al. 1978). Circling behavior is thought to result from
GABA-mediated inhibition of these pars reticulata neurons
(DiChiara et al. 1979b; Olianas et al. 1978).

An elegant method used to quantitatively determine the
effects of supersensitization of the striatum on circling behavior
uses lesions of the striatonigral pathway (Marshall and Ungerstedt
1977b; Mandel and Randall 1985). 1In this paradigm, baseline
circling rates to apomorphine are determined following
electrolytic lesion of one striatonigral pathway. Dose-responses
to apomorphine following additional 6-OHDA-induced lesions
des;roying the dopamine input to the contralateral striatum (the
side that was driving the baseline circling rate), are then

employed to derive estimates of supersensitization. These
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estimates have ranged from 10-40 fold increases in sensitivity to
apomorphine. A problem concerning these studies is the inclusion
of 6-0OHDA-induced damage to the nucleus accumbens, a structure
known to influencé circliﬁg behavior. Techniques designed to
limit damage to mesolimbic nuclei while still depleting striatal
dopamine (Jackson et al. 1983) would give a clearer picture of the
effects of striatal supersensitization.

Two questions will be addressed by these studies: Why are
shifts in this striatally derived behavior 10-40 fold when that
predicted by a 30% up regulation of dopamine receptors and
observed in stereotypic behavior (Randall and Randall, in prep)
only 2 fold?; What is the contribution of dopamine depletion in
the nucleus accumbens to the large shift in the striatonigral

model of circling?-

2. Experimental design

Dose response curves for apomorphine-induced rotational behavior g
in the striatonigral model used 9 doses at equal log-intervals.

Only animals which rotated to both apomorphine and amphetamine

screening sessions were used in the studﬁ. Animals (n=24)

received 4 of the 9 doses pre 6-OHDA and every dose (except the

highest dose) post 6-0HDA. Each test day was separated by 1 week.

Where possible EDso's were calculated using Qeighted least squares

estimation of the four parameters using ALLFIT {De Lean et al.
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1978). Minimum response was constrained to zero and where

necessary maximum response constrained to the maximum response

observed.
3. Results
Effects of contralateral striatal 6-OHDA

6-0OHDA-induced lesions of the opposite striatum resulted in a
2-4 fold shift to the left of the dose-response curve (Figure 21}.
This group of rats had a depletion of 75% in the 6-OHDA-lesioned

striatum and a 23% up regulation of dopamine recepors (Table VI).
Effects of contralateral medial forebrain bundle (MFB) 6-0HDA

Lesions of the opposite MFB with 6-OHDA resulted in a 12-20
fold shift to the left of the dose-response curve (Figure 21).
Striatal dopamine depletions were 61% with an increase of

3H—spiperone binding of 24% (Table VI).
Effects of bilateral lesions of the nucleus accumbens with 6-0HDA
Bilateral lesions of the nucleus accumbens with 6-0HDA caused

depletions of 71% in the NAS, while depleting striatal dopamine by

25% (Table VI). There was no increase in striatal 3H—spiperone
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Figure 21(A,B). Dose-response curves for apomorphine-induced

"‘.’l

rotation in animals with striatonigral electrolytic lesions alone

1,0,

(open squares), or with additional 6-OHDA-induced lesions of the
opposite striatum (shaded circles), the medial forebrain bundle
(MFB, open circles) or the nucleus accumbens (NAS, shaded
squares). Curves in Figure 21A were calculated with each curve
> having its own maximum, while in 21B maximum responses were shared
for all curves. 6-0HDA-induced lesions of the opposite striatum
~. caused a 2-4 fold shift to the left in apomorphine sensitivity
while lesions of the opposite MFB caused a 12-22 fold shift.
Rotation of animals with bilateral lesions of the NAS was not
significantly different from output lesioned animals alone. There
was an overall effect of treatment (F(7,126) = 8.33; p < 0.01) and
an overall group effect (F(2,18) = 15.2; p < 0.01). Differences
N between groups were also significant: MFB vs striatum (F(1,18) =
8.07; p < 0.05), MFB vs NAS (F(1,18) = 30.39; p < 0.01) and
striatum vs NAS (F(1,18) = 7.14; p < 0.05). The slope of the
curve in A is 3.58, with the MFB group representing a shift of
12.65 fold compared to output lesion alone. The slope in B is

3.74 with the MFB group representing a shift of 22.37 fold.

95




;
(6%/6w) INIHJYOWOdY 3SOQ g
3 L9°€ 891 ILL' $SE 291" bL0 O’ 910°
” 1 A 1 [ . 20
3
ﬁ
, _ >
- 0G| =
w —
m_ ~
{ cC
] P
\. 100¢€ =
- w

106

o

- 009

o, TR RS R el M ~ IR . R »




(6%/6w) INIHJHOWOLY 3S0d
hw..m mo... _\..\.. em.m. 291" ¥20 €O 9I0°

, 3

10

1061 =2
m
-
—
cC

100¢ =2
Z
wn

106¢v

- 009

97

.......




- Group
o

- Control
o STR

o (pooled)

NAS
(pooled)

MEB

STR (L)
STR (R)
NAS (L)

STR

STR (L)
STR (R)
NAS (L)
NAS

STR- (L)
STR (R)

NAS
(pooled)

(NAS)

10.76

7.80

4.23
10.71
2.52

2.69
9.68
7.14

left (L)

Table VI
Biochemical data

Binding (fmoles/mg) Kd
+ 0.46 437 + 30 167 + 18
+ 0.26 -— -—
+ 1.46% 577 + 28* 149 + 19
+ 0.54 415 + 13 160 + 17
+ 1.20% -— -—
+ 0.60* 567 + 34* 191 + 13
+ 0.56 403 + 17 156 + 21
+ 0.55 -— ——
+ 0.49* 391 + 25 152 + 10
+ 0.69 401 + 24 167 + 17
+ 0.24 -— -—

e o - — — —— —— - — - = = — — - —— " s — A=~ —— — v ——————

Medial forebrain bundle
pooled:

(MFB), Striatum (STR), Nucleus accumbens
+ right (R) * p < 0.01, pooled t-test
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binding, however, the loss of dopamine in the left striatum was
significantly different than control. This could be due to

dissection variation or a compensatory decrease in dopaminergic
function secondary to the striatonigral lesion on the opposite

side (Costall et al. 1983). Lesions of the nucleus accumbens did

. N
R N

not enhance rotational behavior, but actually tended to diminish

it (Figure 21).

Histological verification of electrolytic lesion site

Figure 22 depicts the area involved in lesions of the
striatonigral pathway. No damage could be seen in the
entopeduncular nucleus of rats used in this study, and the minimal
amount of dopamine depletion on the side of the electrolytic

lesions argues against damage to the medial forebrain bundle.

4. Discussion

The use of the striatonigral "output" circling model to
assess 6-0HDA-induced supersensitization has typically yielded
estimates of up to 40 fold increases in sensitivity to
" . apomorphine. These estimates have not taken into account the
contribution of the nucleus accumbens, which is known to enhance
apomorphine-induced circling in rats with unilateral striatal

dopamine depletion (Kelly and Moore 1976). Here we show that rats
99




-, Figure 22. Effects of electrolytic lesion of the striatonigral
, "output” pathway. Effective lesions always included parts of the
ventral internal capsule. No damage could be seen in the

W entopeduncular nucleus of rats with effective lesions.
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with lesions specific to the striatum (typically causing only

a 10-15% NAS depletion) which do cause supersensitization (increased
N
N striatal 3H-spiperone binding of approximately 25%) do not exhibit

. the large shifts to the left in apomorphine sensitivity. 1In fact
. the 2-4 fold shift observed in these animals is much more in line
with the 2 fold shift to the left in sensitivity to
apomorphine-induced stereotypy noted in mice treated chronically
N _ with neuroleptics (causing approximately 30% increased binding,
Randall and Randall, in prep). In.the group of animals with
lesions in the medial forebrain bundle, meant tq deplete dopamine
in both striatum and NAS, shifts to the left in sensitivity to
- apomorphine were in the range of 12-20 fold, even though striatal
binding in this group was essentially the same as in the striatal
alone group. Thesé results help explain the_variable estimates of
the impact of supersensitization on shifts in the dose-response
curve for drug-induced circling, and additionally confirms the
importance of the nucleus accumbens in circling following
unilateral 6-OHDA-induced lesions of the nigrostriatal pathway.
Best fitting curves (weighted, least squares, 3 parameter
logistic function) for the dose-response to apomorphine in the
output model are shown in Figure 21A and 21B with independent or
shared maximum responses, respectively. Although visually the
alteration in maximum response appears obvious in Figure 21A, the
difference between the two fits was not significant (F < 1)

suggesting that the slopes of the curves at lower doses are
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consistent with equivalent maximum response. Review of video
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tapes suggest that competing behaviors were probably responsible
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for the blunted maximum responses at higher doses. Thus, as in

2 s e
tefe

the case of locomotor activity where at higher doses of

apomorphine stereotypic behavior interferred with locomotion,

4
ety by A
ST

rotationlat higher doses was also interferred with by stereotypic
grooming, or other high dose response characteristics.

‘ff Supersensitive MFB animals rotated at much lower doses of
apomorphine than supersenstive striatal animals. At these lower

- doses the competing behavior (in this case stereotypic grooming of

the contralateral body surface) was less likely to be expressed in

: 2 :
v -.'.f.'v',. e

:
.

- the MFB group, creating an apparent increase in maximum response.

'3

o

Another interesting result concerns the influence of the

Ay
o

nucleus accumbens alone on apomorphine-induced circling behavior
- in the output model; It was anticipated that the role of the NAS
would be similar to its role after nigrostriatal lesion,
especially since the NAS is known to contribute fibers to the
substantia nigra (Swanson and Cowan 1975; Conrad and Pfaff 1976;

v Nauta et al. 1978), and dopamine infused into the substantia nigra

o pars réticulata stimulates locomotor activity (Jackson and Kelly

. 1983). Instead, supersensitization of NAS not only failed to
ii - enhance circling, it actually shifted the dose-response curve to

apomorphine slightly to the right. Therefore, this suggests that

o the interaction of NAS dopaminergic activity with that in striatum

4 occurs via efferents other than those lesioned in this study, and
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that NAS activation may actually interfere with circling after
striatonigral lesions.
Two possible sites where the nucleus accumbens and the
striatum could interact to produce circling are the globus
& pallidus (GP) and the thalamus. The globus pallidus receives
afferents from both the nucleus accumbens and the striatum (Wilson
. 1914; Fox et al. 1974; Swanson and Cowan 1975; Conrad and Pfaff

1976; Pycock and Horton 1978), and pharmacological manipulation of

the GP influences circling and locomotor activity (Jones and

Mogenson 1980; Costall et al. 1972; Dewar et al. 1983). 1In a

recent study, it was found that different opiate receptor agonists

preferentially stimulated either locomotion (bilateral infusion)
or circling (unilateral infusion) from the same pallidal»region
(Dewar et al. 1985). The fact that a major enkephalin pathway
-from the striatum is known to innervate the GP (Cuello and Paxinos
1978; Bayon et al. 1981) coupled with evidence that opiate

- receptors can modify locomotion and cirpling further suggests the
GP as an important site integrating-the necessary components for
circling behavior. Anatomically, the globus pallidus sends
collateral projections to both the striatum and the substantia

X nigra pars reticulata, suggesting that this structure may have a
i - greater role in overall regulation of the basal ganglia than
previously thought (Staines and Fibiger 1984). In addition, the
o GP is associated with other motor structures such as the ventral

thalamic nuclei, substantia nigra and prdunculopontine nucleus

N
N 104




(Parent and De Bellefeuille 1983).

The ventral tier nuclei of the thalamus is another region
where the nucleus accumbens and striatum may interact. Muscimol
infused into the ventromedial nucleus of the thalamus depressed
muscimol-induced contralateral circling from the ipsilateral SNR
(Starr and Summerhayes 1983). These infusions were interpreted as
having more effect on locomotion than posturing. As well,
electrolytic lesions of the ventromedial nucleus ipsilateral to a
nigrostriatal 6-OHDA-induced lesion inhibited circling
(Garcia-Munoz et al. 1983). Although there is only nominal
pharmacological evidence fop locomotion associated with the
thalamus, there is a report of a pathway from the subpallidal
region to the mediodorsal thalamus which may contribute to
locomotor activity (Heimer et al. 1982). The close proximity of
terminal projections from the entopeduncular nucleus and SNR to
the thalamus further implies.an important role for the thalamus in
processing motor béhaviors.

Another issue raised by these studies is the contention that
both behavioral and receptor supersensitivity require 80-90%
dopamine depletion {Creese and Snyder 1979; Hefti et al. 1980;
Neve et al. 1982). 1In the present study lesions resulting in
depletions of 61% and 75% caused both behavioral (up to 20 fold
shift in sensitivity to apomorphine) and biochemical {(24% increase
in 3H-spiperone binding) supersensitivity. Thus, the regions of

the forebrain dopamine system that become supersensitive (striatal
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only or varying combinations of damage to both striatum and NAS)
may variably influence behavioral measures, as evidenced by the
dose response shifts in the present study.

In summary, the nucleus accumbens appears to be the structure
responsible for the variable estimates of behavioral
supersensitivity in the striatal output circling model. Those who
choose to use this model in the future should detail the effects

of dopamine depletion in this nucleus when reporting results.
D. Experiment 3: locomotor hyperactivity
1. Introduction

Locomotor hyperactivity involving the nucleus.accumbens has
been introduced in section III. In a study completed 10 yrs ago,
it was noted.that bilateral 6-OHDA-induced lesions of the striatum
(sparing NAS dopamine fibers) reduced amphetamine-induced (5.0
mg/kg) stéreotypic behavior while enhancing locomotor activity
(Kelly et al. 1975). This dose of amphetamine causes intense
stereotypy (and little locomotor activity) in intact animals,

suggesting a masking of locomotion by stereotypic behavior. It is

also of interest that intraaccumbens muscimol potentiates the
stereotypic effects of low doses of systemic apomorphine
{(Scheel-Kruger et al. 1977b), basically suggesting that each

behavior can compete with the other. 1In this section the apparent
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masking effect of striatal originated behaviors on locomotor

hyperactivity will be examined by comparing the effects of direct

NAS infusions of apomorphine to systemic injections.
2. Results

Intraaccumbens versus systemic apomorphine

:fj The infusion of 10 ug of apomorphine bilaterally into
h"..
Ei dopamine-depleted NAS caused 1416 + 334 (mean + S.E.M., n=6)

locomotor counts in the 60 minutes following infusion. As seen in

Figure 23, compared to systemic injections, this represents almost

1000 counts more than injections of 0.1 mg/kg apomorphine in
animals with bilateral 6-OHDA-induced lesions of the NAS (487 +
33, n=58, p<0.005, pooled t-test, 2 tailed). [t was found in
section III that 0.1 mg/kg apomorphine was the most effective uose
tested in producing locomotion in rats with bilateral lesions.
Higher doses (0.2 mg/kg, 0.25 mg/kg) tended to diminish the

locomotor response. The large "n" for the systemic group is due

to the use of this dose for initial screening of groups used in

section III.
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3. Discussion

The effects of high doses of systemic dopaminergic agents in
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figure 23. Comparison of locomotor effects caused by
intraaccumbens apomorphine (10 ug) in supersensitive NAS versus
systemic apomorphine (0.1 mg/kg) in animals with supersensitive

NAS. Intraaccumbens apomorphine differed significantly from

systemic apomorphine (p < 0.005; pooled, 2-tailed t-test).
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rats can be interpreted in at least two ways. Locomotor activity
(as well as investigatory behavior) and focused stereotypic
behavior may represent progressively greater stimulation along a
single continuum, or the effects of drugs are due to activation at
different anatomical sites or perhaps different biochemical
receptor sites. The latter suggests a concept termed parallel
processing (Lyon and Robbins 1975) where drug-induced behavioral
competition arises from different anatomical regions, e.g.
locomotion from the nucleus accumbens and gnawing/licking from the
striatum. The behavior that predominates in the parallel model
would depend upon which anatomical site was preferentially
stimulated by a set dose of drug. Thus, low doses of amphetamine
or apomorphine would preferentially stimulate the NAS while high
doses would stimulate the striatum (Robbins and Everitt 1982).

In support of the parallel processing hypothesis, I report
here that direct infusion of apomorphine into supersensitive NAS
results in much higher locomotor activity compared to systemic
injection (although attempts were not made to test doses of
apomorphine higher than 0.25 mg/kg, since observation of the
animals revealed stereotypic behavior). 1In addition, the
dose-response curve for apomorphine-induced locomotor activity in
animals with supersensitive NAS indicated a maximal effect around
0.1 mg/kg, with a tendency for a diminished response to 0.2 mg/kg
especially in the first 30 minutes (see Figure 2). In section III

the masking effect in control animals (especially in the first 30
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minutes following injection) of apomorphine-induced stereotypic
behavior on locomotor activity is apparent in Figure 1. Others
have noted behaviorél changes including hyperactivity in cats
(Villablanca et al. 1976) and monkeys (Denny-Brown and Yanagawa
1976) following extensive, bilateral striatal lesions. Further
support for competition between anatomical sites was reported by
Morelli et al. 1980) in rats with prior (2 weeks) kainic acid
lesions of the substantia nigra pars reticulata. These animals
exhibited enhanced sniffing and decreased gnawing to a dose of
apomorphine that caused intense gnawing in control animals.

In this study it has been observed that stereotypic behavior
competes and eventually masks locomotor activit& in three
different models. Control animals given apomorphine have only the
narrow dose range of 0.1< X <0.4 mg/kg that stimulated locomotion.
In animals with supersensitive accumbens, doses of apomorphine
greater than 0.1 mg/kg tended to diminish locomotor counts
compared to the peak effect caused by 0.1 mg/kg. And finally,
direct infusions of apomorphine resulted in much higher locomotor

counts compared to systemic injections.

E. Exberiment 4: stereotypic grooming

1. Introduction

Dopamine agonist-induced stereotypic grooming is associated
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with bilateral dopamine depletion of the striatum (see section
IV). As noted in the discussion of section IV, ACTH also induces
a form of grooming in rats which is associated with the striatum.
Since ACTH-induced grooming may be influenced by nucleus accumbens
lesions (Springer et al. 1983; Dunn and Iversen 1984) and
intraaccumbens ACTH has been reported to cause grooming (Ryan et
al. 1983), the effects of NAS lesions on stereotypic grooming will
also be examined. These studies may shed light on the differences
between intraventricular administrations of 6-OHDA to adult rats
which do not result in stereotypic grooming (Breese et al. 1984)

compared to direct lesions of the nigrostriatal pathway which do.
2. Experimental design

In this experiment, apomorphine was systemically injected
into rats with dopamine-depleted NAS or infused into intact NAS of
rats with prior, bilateral 6-OHDA-induced lésions of the striatum.
In rats bearing lesions of both NAS and striatum, striatal lesions
and NAS cannulations were done at the same time. After baseline
testing for stereotypic grooming, additional 6-OHDA lesions of the
NAS were made in awake animals via the indwelling cannulae. These
animals were subsequently retested to compare the effects of the

NAS on stereotypic grooming.
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3. Results

Influence of nucleus accumbens on stereotypic grooming

In animals with only 6-OHDA-induced lesions of the nucleus
accumbens (NAS), systemic injections of apomorphine never caused
stereotypic grooming, but did produce expected hyperactivity (see
section III). Likewise, direct, bilateral infusion of apomorphine
(10 ug) into supersensitive NAS did not cause stereotypic
grooming, but did cause locomotor hyperactivity. Moreover,
bilateral 6-OHDA-induced lesions of the NAS given subsequent to
bilateral 6-OHDA-induced lesions of the striata did not alter the
stereotypic grooming response (Figure 24). 6-0HDA-induced lesions
of the NAS (in rats with prior 6-OHDA-induced lesions of the
striata) were confirmed by inspection of cannulae tracks into the
NAS. Typically these lesions cause an average dopamine depletion
of 72% in the NAS, 75% in the olfactory tubercle and 17% in the
striatum, n=64.

In rats with bilateral 6-0OHDA-induced lesions of the striata,
apomorphine (10 ug) infused bilaterally into intact NAS also
caused stereotypic grooming (17 *+ 4 minutes, mean + S.E.M., n=4).
The latency for the appearance of this behavior was similar to
caudate infusions. When the same animals were infused with either

haloperidol (5 ug) or vehicle into the NAS and then administered
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Figure 24. Effects of additional NAS depletion on
apomorphine-induced stereotypic grooming (n=11,n=10,n=9,
respectively). Non significant differences, p > 0.05,

Mann-Whitney U test, Mean + S.E.M.
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apomorphine (0.075 mg/kg, sc) 30 minutes later, vehicle infused
rats engaged in stereotypic grooming for 28 + 5 minutes (n=4),
while haloperidol reduced this time to 15 + 2 minutes (mean +

S.E.M., n=3).
4. Discussion

Although the caudate nucleus seems to be the primary
structure involved in stereotypic grooming (since the lesions were
specific to this nucleus and because local infusion of apomorphine
into the caudate was as effective as systemic injection), the
involvement of the other major dopamine containing structure, the

NAS, is equivocal. Infusion of apomorphine into denervated NAS

did not cause stereotypic grooming, but in rats with dopamine

.
R
.

depleted striata, infusion into intact NAS did. Also, intra-NAS

v
hC

haloperidol decreased systemic apomorphine-induced stereotypic

grooming. These results may be due to spread of drug into the
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surrounding striatum, which does occur, even at our relatively
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slow infusion rates (see Table 2, methods section).

It is 'unlikely that the absence of stereotypic grooming noted

:

by Breese et al. 1984 (in animals with bilateral striatal dopamine

depletion secondary to ICV 6-OHDA) is due to depletion of NAS
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dopamine. In this study depletion of striatal dopamine alone or

CRE 0
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in combination with accumbens depletion resulted in similar

duration of stereotypic grooming.
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F. General conclusion

In this section the interaction of the nucleus accumbens with
the striatum was examined for drug-induced behaviors ranging from
circling to stereotypic grooming. It appears that circling was
very dependent on cooperative activity between both the NAS and
striatum, as this behavior was usually depressed when one of these
fwo structures was not involved. Drug-induced locomotor activity
tended to be Qverwhelmed by stereotypic activity except for direct
dopaminergic-agonist infusion into the NAS. This probably is
anatomically based, considering the size of each structure and
dopamine content. Finally, stereotypic grooming was unaltered by

NAS manipulation.
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VI. CONCLUSION

" This dissertation has examined drug-induced behaviors
associa?ed with the nucleus acumbens and striatum. The use of
6-Hydroxydopamine to anatomically enhance a behavior emanating
from one of the above structures (by allowing doses of drugs low
enough to prevent major behavioral competition from the other) was
only partially successful. Thus, locomotor hyperactivity and
circling were enhanced by 6-OHDA-induced lesions of the nucleus
accumbens and the medial forebrain bundle, respectively.
Bilateral lesions of the striatum did not result in simple
enhancement of stereotypic behavior, but instead caused an unique,
self-directed behavior termed stereotypic grooming.

Competition between the nucleus accumbens and the striatum
for behavioral expression was evident in most of these studies.
For example, in control animals stereotypic behavior masked
locomotor activity except for a very narrow dose range of
apomorphine. Likewise, circling behavior in the output model was
reduced at the higher doses of apomorphine by stereotypic
grooming. Stereotypic grooming itself (in animals with bilateral
striatal lesions) was not affected by accumbens lesions.

Circling behavior in the last section emphasized the
importance of the nucleus accumbens in both the nigrostriatal and

striatonigral models.4 Circling in the nigrostriatal 6--OHDA model

’
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was reduced by GABA-ergic manipulation of the nucleus acumbens,
while lesions of the nucleus accumbens and striatum (MFB group)
accounted for the large shifts in apomorphine-induced rotation
noted in animals with striatonigrél electrolytic lesions.
Hopefully, these studies have shed additional light on the
anatomical basis for drug-induced behaviors arising from the
forebrain dopamine systems. Through an understanding of the
effects of drugs on these systems in lower animals, perhaps

therapies for human patients with diseases of these same systems

can be improved.

" 119




References

Aghajanian GK, Bunney BS (1973) Central dopaminergic neurons:
neurophysiological identification and responses to drugs. In:
Snyder SH, Usdin E (Eds) Frontiers in catecholamine research
Pergamon Press, NY

Anden NE, Carlsson A, Dahlstrom A, Fuxe K, Hillarp A, Larsson K
(1964) Demonstration and mapping out of nigro-striatal dopamine
neurones. Life Sci 3:523-530

Anden NE, Dahlstrom A, Fuxe K, Larsson K, Olson L, Ungerstedt U
(1966a) Ascending monoamine neurones to the telencephaleon and
diencephalon. Acta Physiol Scand 67:313-326

Anden NE, Dahlstrom A, Fuxe K, Larsson K {(1966b) Functional role
of the nigro-striatal dopamine neurones. Acta Pharmacol Tox
24:263-274

Anden NE, Stock G (1973) Inhibitory effect of gamma
hydroxybutyric acid and gamma aminobutyric acid on the dopamine
cells in the substantia nigra. Naunyn-Schmiedeberg's Arch
Pharmacol 279:89-92

Arbuthnott GW, Crow TJ (1971) Relation of contraversive turning
to unilateral release of dopamine from the nigrostriatal pathway
in rats. Exp Neurol 30:484-491

Ayhan IH, Randrup A (1973) Behavioral and pharmacological studies
on morphine-induced excitation of rats. Possible relation to
brain catechc’amines. Psychopharmacologia (Berl) 29:317-328

Balcom GJ, Lenox RH, Meyerhoff JL (1975) Regional
gamma-aminobutyric acid levels in the rat brain determined after
microwave fixation. J Neurochem 24:609-613

Barbeau A (1962) The pathogenesis of Parkinson's disease: a new
hypothesis. Canad Med Assoc J 87:802-807

Bashore TR, Rebec GV, Groves PM (1978) Alterations of spontaneous
neuronal activity in the caudate-putamen, nucleus accumbens and
amygdaloid complex of rats produced by d-amphetamine. Pharmacol
Biochem Behav 8:467-474

Baumeister AA, Frye GD (1983) Self-injurious behavior in rats
produced by intranigral microinjection of GABA agonists.
Pharmacol Biochem Behav 21:89-95

120

Pl diare e, ine it e Sae i Mie Sull it dint 4 .—w-..-uv*.'vm"nv-zv‘*zV--.\x--.-;-“F




Bayon A, Shoemaker WJ, Lugo L, Azad R, Ling N, Drucker-Colin,
Bloom FE (1981) In vivo release of enkephalin from the globus
pallidus. Neurosci Lett 24:65-70

Beart PM (1982) Multiple dopamine receptors- new vistas. Trends
Pharmacol Sci 3:100-102

Beckstead RM, Domesick VB, Nauta WJH (1979) Efferent connections
of the substantia nigra and ventral tegmental area in the rat.
Brain Res 175:191-217

Breese GR, Baumeister AA, McGown TJ, Emerick SG, Frye GD, Crotty
K, Mueller RA (1984) Behavioral differences between neonatal and
adult 6-hydroxydopamine-treated rats to dopamine agonists:
relevance to neurological symptoms in clinical syndromes with
reduced brain dopamine. J Pharmacol Exp Ther 231:343-354

Bunney BS; Aghajanian GK (1976) Dopaminergic influence in the
basal ganglia: evidence for striatonigral feedback regulation.
In: Yahr MD (ed) The basal ganglia Raven Press, NY 249-267

Burt DR, Creese I, Snyder SH (1976) Properties nf 3H-haloperidol
and “"H-dopamine binding associated with dopamine receptors in calf
membranes. Mol Pharmacol 12:800-812

Burt DR, Creese I, Snvder SH (1977) Anti-psychotic drugs:
chronic treatment elevates dopamine receptor binding in brain.
Sci 196:326-328

Carlsson A, Lindquist M, Magnusson T, Waldeck B (1958) On the
presence of 3-hydroxytyramine in brain. Sci 127:471

Carman JB, Cowan WM, Powell TPS (1963) The organization of
corticostriatal connexions in the rabbit. Brain 86:525-562

Carman JB, Cowan WM, Powell TPS, Webster KE (1965) A bilateral
corticostriate projection. J Neurol Neurosurg Psychiat 28:71-77

Carpenter MB, Nakano K, Kim R (1976) Nigrothalamic projections in
the monkey demonstrated by autoradiographic technics. J Comp
Neurol 165:401-416

Carpenter MB (1981) Anatomy of the corpus striatum and brain stem
integrating systems. In: Brooks V (Ed) Handbook of physiology,
the nervous system, motor control Amer Physiol Soc Vol II

Carter CJ, Pycock CJ (1978) Differential effects of central
serotonin manipulation on hyperactive and stereotyped behaviour.
Life Sci 23:953-960

121




Charness ME, Zalman A, Taylor M (1975) Morphine induced
stereotypic behavior in rats. Behav Bio 13:71-80

Christensen AV, Arnt J, Hyttel J, Larsen JJ, Svendsen O (1984)
Pharmacological effects of a specific dopamine D-1 antagonist SCH
23390 in comparison with neuroleptics. Life Sci 34:1529-1540

Christie JE, Crow TJ (1971) Turning behavior as an index of the
action of amphetamines and ephedrines on central dopamine
neurones. Br J Pharmacol 43:658-667

Christie JE, Crow TJ (1973) Behavioral studies of the actions of
cocaine, monoamine oxidase inhibitors and iminodibenzyl compounds
on central dopamine neurones. Br J Pharmacol 47:39-47

Clavier RM, Atmadja S, Fibiger HC (1976) Nigrothalamic
projections in rat as demonstrated by orthograde and retrograde
tracing techniques. Brain Res Bull 4:379-384

Conrad LCA, Leonard CM, Pfaff DW (1974) Connections of the medial
and dorsal raphe nuclei in the rat: an autoradiographic and
degeneration study. J Comp Neurol 156:179-206

Conrad LCA, Pfaff DW (1976) Autoradiographic tracing of nucleus
accumbens efferents in the rat. Brain Res 113:589-596

Costall B, Olley JE (1971) Cholinergic- and neuroleptic-induced
catalepsy: modification by lesions in the caudate-putamen.
Neuropharmacology 10:297-306

Costall B, Naylor RJ, Olley JE (1972) Catalepsy and circling
behavior after intracerebral injections of neuroleptic,
cholinergic and anticholinergic agents into the caudate-putamen,
globus pallidus and substantia nigra of rat brain.
Neuropharmacology 11:645-663

Costall B, Naylor RJ (1973) Neuroleptic and non-neuroleptic
catalepsy. Arzneim-Forsch (Drug Res) 23:674-683

Costall B, Naylor RJ, Pinder RM (1974) Design of agents for
stimulation of neostriatal dopaminergic mechanisms. J Pharm
Pharmacol 26:753-762

Costall B, Naylor RJ, Marsden CD, Pycock CJ (1976a)
Serotoninergic modulation of the dopamine response from the
nucleus accumbens. J Pharm Pharmacol 28:523-526




rTYv*vY
LT

IR INE & - qicrui
’ o

v
.
. N

1
v

A2 2870 e e aa

— .
’..A:‘px

Costall B, Naylor RJ, Pycock C (1976b) Non-specific
supersensitivity of striatal dopamine receptors after
6-hydroxydopamine lesion of the nigrostriatal pathway. Eur J
Pharmacol 35:275-283

Costall B, Marsden CD, Naylor RJ, Pycock CJ (1977) Stereotyped
behaviour patterns and hyperactivity induced by amphetamine and
apomorphine after discrete 6-hydroxydopamine lesions of
extrapyramidal and mesolimbic nuclei. Brain Res 123:89-111

Costall B, Fortune DH, Naylor RJ (1978) Involvement of mesolimbic
and extrapyramidal nuclei in the motor depressant action of
narcotic drugs. J Pharm Pharmacol 30:566-372

Costall B, Hui S-CGC, Naylor RJ (1979) Hyperactivity induced by
injection of dopamine into the accumbens nucleus: actions and
interactions of neuroleptic, cholinomimetic and cholinolytic
agents. Neuropharmacology 18:6861-665

Costall B, DeSouza CX, Naylor RJ (1980) Topographical analysis of
the actions of 2-(N,N-dipropyl) amino-5,6-dihydroxytetralin to
cause biting behaviour and locomotor hyperactivity from the
striatum of the guinea pig. Neuropharmacology 19:623-631

Costall B, Naylor RJ (1981) The hypothesis of different dopamine
receptor mechanisms. Life Sci 28:215-229

Costall B, Kelly ME, Naylor RJ (1983) Does contralateral circling
involve action of drugs on hyposensitive striatal dopamine
receptors in the hemisphere contralateral to denervation?
Neuropharmacology 22:295-302

Creese [, Iversen SD (1973) Blockage of amphetamine induced motor
stimulation and stereotypy in the adult rat following neonatal
treatment with 6-hydroxydopamine. Brain Res 55:369-382

Creese I, Burt DR, Snyder SH (1977) Dopamine receptor binding
enhancement accompanies lesion-induced behavioral
supersensitivity. Sci 197:596-598

reese I, Snyder SH (1979) Nigrostriatal lesions enhance striatal
H-apomorphine and “H-spiroperidol binding. Eur J Pharmacol
56:277-281

Creese I (1982) Dopamine receptors explained. Trends Neurosci
2:40-43




Creese I, Sibley DR, Hamblin MW, Leff SE (1983) The
classification of dopamine receptors: relationship to radioligand
binding. Ann Rev Neurosci 6:43-71

Cross AJ, Owen F (1980) Characteristics of 3H—cis-flupenthixol
binding to calf brain membranes. Eur J Pharmacol 65:341-347

ross AJ, Wadding&on JL (1981) Kainic acid lesions dissociate
H-spiperone and “H-cis-flupenthixol binding sites in rat
striatum. Eur J Pharmacol 72:327-332

Crow TJ (1971) The relationship between lesion site, dopamine
neurons and turning behavior in the rat. Exp Neurol 32:247-255

Cuello AC, Paxinos G (1978) Evidence for a long Leu—enkephaiin
strio-pallidal pathway in rat brain. Nature 271:178-180

De Lean A, Munson PJ, Robard D (1978) Simultaneous analysis of
families of sigmoidal curves: application to bioassay, radioligand
assay, and physiological dose-response curves. Amer J Physiol
235:97-102

Denny-Brown D, Yanagisawa (1976) The fole of the basal ganglia in
the initiation of movement. In: Yahr MD (Ed) The basal ganglia
Oxford University Press, Ox

Dewar D, Jenner P, Marsden CD (1983) Lesions of the globus
pallidus, entopeduncular nucleus and substantia nigra alter
dopamine mediated circling behaviour. Exp Brain Res 52:281-292

Dewar D, Jenner P, Marsden CD (1985) Behavioural effects in rats
of unilateral and bilateral injections of opiate receptor agonists
into the globus pallidus. Neurosci 15:41-46

DiChiara G, Morelli M, Porceddu ML, Gessa GL (1978) Evidence that
nigral GABA mediates behavioral responses elicited by striatal
dopamine receptor stimulation. Life Sci 23:2045-2052

DiChiara G, Porceddu ML, Morelli M, Mulas ML, Gessa GL (1979b)
Substantia nigra as an out-put station for striatal dopaminergic
responses: role of a GABA-mediated inhibition of pars reticulata
neurons. Naunyn-Schmiedeberg's Arch Pharmacol 306:153-159

DiChiara G, Porceddu ML, Imperato A, Morelli M (1981) Role of
GABA neurons in the expression of striatal motor functions. In:
DiChiara G, Gessa GL (Eds) GABA and the basal ganglia Raven
Press, NY




s

l”' "‘

4

._A’l‘

A
N e B e

Sl ']

DiChiara G, Morelli M (1984) Output pathways mediating basal
ganglia function. In: McKenzie JS, Kemm RE, Wilcock LN (eds)
Advances in behavioral biology, vol 27 Plenum Press, NY 443-466

Dray A, Oakley NR (1978) Projections from nucleus accumbens to

o~
zkt. globus pallidus and substantia nigra in the rat. Experientia

s 34:68-70

- Dray A (1979) The striatum and the substantia nigra: a commentary

- on their relationships. Neurosci 4:1453-1465

Dunn AJ, Alpert JE, Iversen SD (1984) Dopamine denervation of
frontal cortex or nucleus accumbens does not affect ACTH-induced
grooming behavior. Behav Brain Res 12:307-315

‘?hl Duvoisin RC (1967) Cholinergic-anticholinergic antagonism in
e Parkinsonism. Arch Neurol 17:124-136

t?f Ehringer H, Hornykiewicz O (1960) Verteilung von noradrenalin und
dopamin (3-hydroxytyramin) im gehirn des menschen und ihr

1: verhalten bei erkrankungen des extrapyramidalen systems. Klin

\;' Wschr 38:1236-1239

oy Eibergen RD, Carlsson KR (1976) Behavioural evidence for
dopaminergic supersensitivity following chronic treatment with
methadone or chlorpromazine in the guinea-pig. Psychopharmacology
BN 48:132-146

{ju Elkhawad A0, Woodruff GN (1975) Studies on the behavioural
Tl pharmacology of a cyclic analogue of dopamine following its
injection into the brains of conscious rats. Br J Pharmacol
54:107-114

Ellinwood EH, Gonzalez AE, Dougherty GC (1983)
. Gamma-butyrolactone effects on behavior induced by dopamine
agonists. Biol Psychiatry 18:1023-1032

Erinoff L, Kelly PH, Basura M, Snodgrass SR (1984)
Six-hydroxydopamine induced hyperactivity: neither sex

. differences nor caffeine stimulation are found. Pharmacol Biochem
e Behav 20:707-713

» . Ezrin-Waters C, Muller P, Seeman P (1976) Catalepsy induced by

Qe morphine or haloperidol: effects of apomorphine and

o anticholinergic drugs. Canad J Physiol Pharmacol 54:516-519

-i' Farley [J, Price KS, Hornykiewicz O (1977) Dopamine in the limbic 1
e regions of the human brain: normal and abnormal. 1In: Costa E,

L. Gessa GL (Eds) Nonstriatal dopamine Raven Press, NY 57-64

125




Fog R, Randrup A, Munkvad (1966a) Dependence of the amphetamine

excitatory response upon amines in the corpus striatum. Excerpta
Med Inter Cong 117:462

Fog R, Randrup A, Pakkenberg H (1966b) Amines in the corpus
striatum associated with the effects of both amphetamine and
antipsychotic drugs. In: Lopez-Ibor (Ed) Proceedings of the IV
World Congress of Psychiatry Elsevier, Amst 2580-2582

Fog R (1967) Role of the corpus striatum in typical behavioural
effects in rats produced by both amphetamine and neuroleptic
drugs. Acta Pharmacol Toxicol Suppl 4, 25:59

Fog RL, Randrup A, Pakkenberg H (1968) Neuroleptic action of
quaternary chlorpromazine and related drugs injected into various
brain areas in rats. Psychopharmacologia 12:428-432

Fog R (1970) Behavioral effects in rats of morphine and
amphetamine and of a combination of the two drugs.
Psychopharmacologia 16:305-312

Fog R, Randrup A, Pakkenberg H (1970) Lesions in corpus striatum
and cortex of rat brains and the effect on pharmacologically
induced stereotyped-aggressive and cataleptic behavior.
Psychopharmacologia 18:346-356

Fog R, Randrup A, Pakkenberg H (1971) Intrastriatal injection of
quaternary butyrophenones and oxypertine: neuroleptic effects in
rats. Psychopharmacologia 19:224-230

Fog R (1972) On stereotypy and catalepsy: studies on the effect
of amphetamines and neuroleptics in rats. Acta Neurol Scand Suppl
50, 48:1-64

Fonnum F, Walaas I, Iversen E (1977) Localization of GABAergic,
cholinergic and aminergic structures in the limbic system. J
Neurochem 29:221-230

Fox CA, Andrade AN, Lu Qui IJ, Rafols JA (1974) The primate
globus pallidus: a Golgi and electron microscopic study. J
Hirnforsch 15:75-93

Fray PJ, Sahakian BJ, Robbins TW, Koob GF, Iversen SD (1980) An
observational methad for quantifying the behavioural effects of
dopamine agonists: contrasting effects of d-amphetamine and
apomorphine. Psychopharmacology 69:253-259

126




~ Garau L, Govoni S, Stefanini E, Trabucchi M, Spano PF (1978)
L. Dopamine receptors: pharmacological and anatomical evidences
: indicate that two distinct dopamine receptor populations are
-~ present in rat striatum. Life Sci 23:1745-1750

s Garcia-Munoz M, Nicolaou NM, Tulloch IF, Wright AK, Arbuthnott GW
[- - (1977) Feedback loop or output pathway in striato-nigral fibres?
. Nature 265:363-365

f#f Garcia-Munoz M, Patino P, Wright AJ, Arbuthnott GW (1983) The
. anatomical substrate of the turning behaviour seen after lesions
2 ’ in the nigrostriatal dopamine system. Neurosci 8:87-95

2 . Geyer MA, Puerto A, Dawsey WJ, Knapp S, Bullard WP, Mandell AJ
(1976) Histologic and enzymatic studies of the mesolimbic and
mesostriatal serotonergic pathways. Brain Res 106:241-256

"%k- Gianutsos G, Drawbaugh RB, Hynes MD, Lal H (1974) Behavioural
evidence for dopaminergic supersensitivity after chronlc
haloperidol. Life Sci 4:887-898

Gispen WH, Wiegant VM, Greven HM, DeWied D (1975) The induction

of excessive grooming in the rat by intraventricular application
) of peptides derived from ACTH: structure activity studies. Life
S Sci 17:645-652

Gispen WH, Isaacson RL (1981) ACTH-induced excessive grooming in
the rat. Pharmacol Ther 12:209-246

Glowinski J, Iversen LL (1966) Regional studies of catecholamines
in the rat brain. J Neurochem 13:655-669

. Gonzalez LP, Ellinwood EH (1984) Cholinergic modulation of
o stimulant-induced behavior. Pharmacol Biochem Behav 20:397-403

.}ﬁ Green RD, Proudfit HK, Yeung SH (1982) Modulation of striatal
e dopaminergic function by local injection of 5'-N-ethylcarboxamide
. adenosine. Sci 218:58-60

Guild AL, Dunn AJ (1982) Dopamine involvement in ACTH-induced
grooming behavior. Pharmacol Biochem Behav 17:31-36

o Gundlach AL, Krstich M, Beart PM (1983) Guanine nucleotides
) : reveal differential actions of ergot derivatives at D-2 receptors
L labelled by “H-spiperone in striatal homoge-ates. Brain Res

e 278:155-163

.. Haber SN, Groenewegen HJ, Nauta WJH (1982) Efferent connections
) . of the ventral pallidum in the rat. Neurosci Abst 8:48.7

127




- ; v . w W T L e T T e e P e e Te s Te s e e Te T

_\
o
';i. Haber SN, Watson SJ (1985) The comparative distribution of
:f‘ enkephalin, dynorphin and substance P in the human globus pallidus
b and basal forebrain. Neurosci 14:1011-1024.
Cit Havemann U, Winkler M, Kuschinsky K (1980) Opiod receptors in the
;f} caudate nucleus can mediate EMG recorded rigidity in rats.
O Naunyn-Schmiedeberg's Arch Pharmacol 313:139-144

Hefti F, Melamed E, Wurtman RJ (1980) Partial lesions of the
- dopaminergic nigrostriatal system in rat brain: biochemical
characterization. Brain Res 195:123-137

A2t P
L
LGl s,

Heimer L, Wilson RD (1975) The subcortical projections of the
allocortex: similarities in the neural associations of the
hippocampus, the pyriform cortex, and the neocortex. In: Santini
M (Ed) Golgi Centennial Symposium Raven Press, NY 177-193

~f: Heimer L, Switzer RD, Von Hoesen GW (1982) The ventral striatum
e and the ventral pallidum: components of the motor system? Trends
o Neurosci 5:83-87

. Hokfelt T, Ljungdahl A, Fuxe K, Johansson O (1974) Dopamine nerve
. terminals in the rat limbic cortex: aspects of the dopamine
hypothesis of schizophrenia. Sci 184:177-179

Horn AS, Cuello AC, Miller RJ (1974) Dopamine in the mesolimbic
system of the rat brain: endogenous levels and the effects of
drugs on the uptake mechanism and stimulation of adenylate cyclase
activity. J Neurochem 22:265-270

(3 (.
T,
R

Pl T Iy A A A

Hyttel J (1983) SCH 23390-the first selective dopamine D-1

j antagonist. Eur J Pharmacol 91:153-154

(\} Hyttel J, Christenseh AV (1983) Biochemical and phafmacological

x; differentiation of neuroleptic effect on dopamine D-1 and D-2

o receptors. J Neural Trans Suppl 18:157-164

S, Iversen LL (1975) Dopamine receptors in the brain. A dopamine

gt sensitive adenylate cyclase models synaptic receptors,

L illuminating antipsychotic action. Sci 188:1084-1089

) Jackson EA, Kelly PH (1983) Role of nigral dopamine in

-« amphetamine-induced locomotor activity. Brain Res 278:366-369

‘; Jackson EA, Neumeyer JL, Kelly PH (1983) Behavioral activity of

;: some novel aporphines in rats with 6-hydroxydopamine lesions of

?j ' caudate or nucleus accumbens. Eur J Pharmacol 87:15-23

N

1.;“ 1
-’--

’.:: 128
23

b .(-:

b

-.--—- »'.-,-.4.-_.-)-.-_.'.-‘.-
MR ,'.'. o B 0

. .o e e .- R R L LRI R T
o ot e, . -. . VT _‘.“. \ PR - . \ SRR
w\"r B P Y VPt ) e, ?.- B
L{ M‘l‘ y 'g‘th. 4tﬂ'.L-L;‘ .x;.-LAL A M .\.{.‘ \&LA.-\\'A AP L\_ \_L\_ SLLLX& “A.!..A:J




Jacobowitz PM, Goldberg AM (1977) Determinations of acetylcholine
in discrete regions of the rat brain. Brain Res 122:575-577

James TA, Starr MS (1978) The role of GABA in the substantia
nigra. Nature 275:229-230

Javoy-Agid F, Taguet H, Ploska A, Cherif-Zahar C, Ruberg M, Agid Y
(1981a) Distribution of catecholamines in the ventral
mesencephalon of human brain, with special reference to
Parkinson's disease. J Neurochem 36:2101-2105

Javoy-Agid F, Ploska A, Agid Y (1981b) Microtopography of
tyrosine hydroxylase, glutamic acid decarboxylase, and choline
acetyltransferase in the substantia nigra and ventral tegmental
area of control and Parkinsonian brains. J Neurochem 37:1218-1227

Jones DL, Mogenson GJ (1980) Nucleus accumbens to globus pallidus
GABA projection subserving ambulatory activity. Am J Physiol
238 :R65-R69

Jones DL, Mogenson GJ, Wu M (1981) Injections of dopaminergic,
cholinergic, serotoninergic and GABAergic drugs into the nucleus
accumbens: effects on locomotor activity in the rat.
Neuropharmacology 20:29-37

Joyce JN (1983) Multiple dopamine receptors and behavior.
Neurosci Biobehav Rev 7:227-256

Joyce JN, Van Hartesveldt C (1984) Rotation and postural
deviation elicited by microinjections of dopamine into medial and
lateral regions of dorsal striatum. Pharmacol Biochem Behav
21:979-981

Joyce JN, Marshall JF (1985) Striatal topography of D-2 receptors
correlates with indexes of cholinergic neuron localization.
Neurosci Lett 53:127-131

Kalivas PW, Nemeroff CB, Prange AJ (1984) Neurotensin
microinjection into the nucleus accumbens antagonizes
dopamine-induced increase in locomotion and rearing. Neurosci
11:919-930

Kebabian JW, Petzold GL, Greengard P (1972) Dopamine-sensitive
adenylate cyclase in caudate nucleus of rat brain, its similarity
to the dopamine receptor. Proc Nat Acad Sci 69:2145-2149

Kebabian JW, Calne DB (1979) Multiple receptors for dopamine.
Nature 277:93-96

129




WL 2, 5 5
‘l'.l'l

s
oA

l. ‘l ‘l

)

O
[ I
a0

l’“‘ 'l
B

R O
W

LT, et e o et

2,
L

'<l

!

o

Kelley AE, Domesick VB, Nauta WJH (1982) The amygdalostriatal
projection in the rat--an anatomical study by anterograde and
retrograde tracing methods. Neurosci 7:615-630

Kelly PH (1975) Unilateral 6-hydroxydopamine lesions of
nigrostriatal or mesolimbic dopamine-containing terminals and the
drug-induced rotation of rats. Brain Res 100:163-169

Kelly PH, Seviour PW, Iversen SD (1975) Amphetamine and
apomorphine responses in the rat following 6-OHDA lesions of the
nucleus accumbens septi and corpus striatum. Brain Res 94:507-522

Kelly PH, Moore KE (1976) Mesolimbic dopaminergic neurones in the
rotational model of nigrostriatal function. Nature 263:695-696

Kelly PH, Moore KE (1977) Mesolimbic dopamine neurons: effects of
6-hydroxydopamine-induced destruction and receptor blockade on
drug-induced rotation of rats. Psychopharmacology (Berlin)
55:35-41 '

Kelly PH (1977) Drug-induced motor behavior. 1In: Iversen LL,
Iversen SD, Snyder SH (eds) Handbook of Psychopharmacology, vol 8
Plenum Press, NY 295-331

Kemp JM, Powell TPS (1970} The corticostriate projection in the
monkey. Brain 93:525-546

Klawans HL (1968) The pharmacology of Parkinsonism (a review).
Dis Nerv Syst 29:805-817

Kozlowski MR, Marshall JF (1980) Rotation induced by intranigral
injections of GABA agonists and antagonists: Zone specific
effects. Pharmacol Biochem Behav 13:561-567

Kuschinsky K, Hornykiewicz 0 (1972) Morphine catalepsy in the
rat: relation to striatal dopamine metabolism. Eur J Pharmacol
19:119-122

Leander JD, McMillan DE, Harris LS (1975) Schedule-induced oral
narcotic self-administration: acute and chronic effects. J
Pharmacol Exp Ther 195:279-287

Leff S, Adams L, Hyttel J, Creese I (1981) Kainate lesion
dissociates striatal dopamine receptor radioligand binding sites.
Eur J Pharmacol 70:71-75

Lesch M and Nyhan WL (1964) A familial disorder of uric acid
metabolism and central nervous system function. Am J Med
36:561-570

130




va
G Ny

. ‘-
e

v v

l‘l -
‘.l ¥ & &

]

»
L e

‘Y' s

5 KR .'I

Cagy

st |

']
K

.

e
)
..
h
»
‘»
o
<
-
-

Lindvall 0, Bjorklund A (1974) The organization of the ascending
catecholamine neuron systems in the rat brain as revealed by the
glyoxylic acid fluorescence method. Acta Physiol Scand Suppl
412:1-43

Lindvall O (1979) Dopamine pathways in the rat brain. In: Horn
AS, Korf J, Westerink BHC (eds) The neurobiology of dopamine
Academic Press, Lond 319-342

Ljungberg T, Ungerstedt U (1976) Reinstatement of eating by
dopamine agonists in aphagic dopamine denervated rats. Physiol &
Behav 16:277-283

Lloyd KG, Sherman L, Hornykiewicz O (1977) Distribution of high
affinity sodium dependent (3H)Gamma-aminobutyric acid binding in
human brain: alterations in Parkinson's disease. Brain Res
127:269-278

Lloyd KG, Hornykiewicz O, Davidson K, Shannak K, Farley I,
Goldstein M, Shibuya M, Kelley WN, Fox IH (1981) Biochemical
evidence of dysfunction of brain neurotransmitters in the
Lesch-Nyhan syndrome. N Eng J Med 305:1106-1111

Lucot JB, McMillan DE, Leander JD (1979) The behavioral effects
of d-amphetamine alone and in combination with acute and chronic
morphine treatments in rats. J Pharmacol Exp Ther 210:158-165

Lyon M, Robbins TW (1975) The action of central nervous system
stimulant drugs: a general theory concerning amphetamine effects.
Curr Dev Psychopharmacol 2:79-163

Mandel RJ, Randall PK (1985) Quantification of lesion induced
dopaminergic supersensitivity using the rotational model in the
mouse. Brain Res 330:358-363

Marco E, Mao CC, Cheney DL, Revuelta A, Costa E (1976) The
effects of antipsychotics on the turnover rate of GABA and
acetylcholine in rat brain nuclei. Nature 264:363-365

Marshall JF, Ungerstedt U (1977a) Striatal efferent fibres play a
role in maintaining rotational behaviour in the rat. Sci
198:62-64

Marshall JF, Ungerstedt U (1977b) Supersensitivity to apomorphine
following destruction of the ascending dopamine neurons:
quantification using the rotational model. Eur J Pharmacol
41:361-367

131




P

v.f""n"

.' l‘

i
vl

)
oWt

o
P TRiy

o

e o
LI WY

o
e
L}
-
.
-

McGeer PL, McGeer EG, Scherer V, Singh K (1977) A glutamatergic
corticostriatal path? Brain Res 128:369-373

McGeer PL, McGeer EG, Hattori T (1978) Transmitters in the basal
ganglia. In: Fonnum F (Ed) Amino Acids as Chemical Transmitters
Plenum Press, NY 123-141

McKenzie GM, Gordon RJ, Viik K (1972) Some biochemical and
behavioural correlates of a possible animal model of human
hyperkinetic syndromes. Brain Res 47:439-456

Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action:
Functional interface between the limbic system and the motor
system. Prog Neurobiol 14:69-97

Molloy AG, Waddington JL (1984) Dopaminergic behaviour
stereospecifically promoted by the D1 agonist R-SK & F 38393 and
selectively blocked by the D1 antagonist SCH 23390.
Psychopharmacology 82:409-410

Montanaro N, Vaccheri A, Dall'Olio R, Gandolfi O (1983) Time
course of rat motility response to apomorphine: a simple model for
studying preferential blockade of brain dopamine receptors
mediating sedation. Psychopharmacology 81:214-219

Moore KE, Phillipson OT (1975) Effects of dexamethasone on
phenylethanolamine N-methyltransferase and adrenaline in the
brains and superior cervical ganglia of adult and neonatal rats.
J Neurochem 25:289-294

Moore KE, Kelly PH (1978) Biochemical pharmacology of mesolimbic
and mesocortical dopamine neurons. In: Lipton MA, DiMascio A,
Killam KF (eds) Psychopharmacology: A Generation of Progress
Raven Press 221-234

Morelli M, Porceddu ML, DiChiara G (1980) Lesions of substantia
nigra by kainic acid: effects on apomorphine-induced stereotyped
behaviour. Brain Res 191:67-78

Munemura M, Eskay RL, Kebabian JW (1980) Release of
alpha-melanocyte-stimulating hormone from dispersed cells of the
intermediate lobe of the rat pituitary gland: involvevment of
catecholamines and adenosine 3',5'-monophosphate. Endocrinol
106:1676-1683

Nauta WJ, Mehler WR (1966) Projections of the lentiform nucleus
in the monkey. Brain Res 1:3-42

132




Nauta WJH, Smith GP, Faull RLM, Domesick VB (1978) Efferent
connections and nigral afferents of the nucleus accumbens septi in
\ the rat. Neurosci 3:385-401

Neve KA, Kozlowski MR, Marshall JF (1982) Plasticity of
neostriatal dopamine receptors after nigrostriatal injury:
relationship to recovery of sensorimotor functions and behavioral
supersensitivity. Brain Res 244:33-44

Oblin A, Zivkovic B, Bartholini G (1984) Involvement of the D-2
dopamine receptor in the neuroleptic-induced decrease in nigral
substance P. Eur J Pharmacol 105:175-177

Olianas MC, De Montis GM, Mulas G, Tagliamonte A (1978) The
striatal dopaminergic function is mediated by the inhibition of a
nigral, non-dopaminergic neuronal system via a strio-nigral
GABA-ergic pathway. Eur J Pharmacol 49:233-241

Olpe HR, Schellenberg H, Koella WP (1977) Rotational behavior
induced by intranigral application of GABA-related drugs and GABA
antagonists. Eur J Pharmacol 45:291-294

Onali P, Olianas MC, Gessa GL (1984) Selective blockade of
- dopamine D-1 receptors by SCH 23390 discloses striatal dopamine
D-2 receptors mediating the inhibition of adenylate cyclase in
rats. Eur J Pharmacol 99:127-128

Osterburg HH, Donahue HG, Severson JA, Finch CE (1981)
Catecholamine levels and turnover during aging in brain regions of
male C57BL/6J mice. Brain Res 224:337-352

LRSI e

Palkovits, M (1979) Dopamine levels of individual brain regions:

! Biochemical aspects of DA distribution in the central nervous
system. In: Horn AS, Korf J, Westernik BHC (Eds) The neurobiology
of dopamine Academic Press 343-356

Papez JW (1942) A summary of fiber connections of the basal
ganglia with each other and with other portions of the brain. Res
Publ Assoc Nerv Ment Dis 21:21

- Parent A, De Bellefeuille L (1983) The pallidointralaminar and
d . pallidonigral projections in primate as studied by retrograde
double-labeling method. Brain Res 278:11-27

Pellegrino LJ, Cushman AJ (1967) A stereotaxic atlas of the rat
brain. Appleton-Century-Crofts, NY

Pijnenburg AJJ, Van Rossum JM (1973) Stimulation of locomotor
activity following injection of dopamine into the nucleus

133

-

N“v-.\"l

S IO Y A
3y T A 1S5 AR SR




RS .‘1 _’\ fq ..I ..' .

u'-

: ¥

Dby

.
"

)

g
-
o
s
-
o
13
.

accumbens. J Pharm Pharmacol 25:1003-1005

Pijnenburg AJJ, Woodruff GN, Van Rossum JM (1973) Ergometrine
induced locomotor activity following intracerebral injection intn
the nucleus accumbens. Brain Res 59:289-302

Pijnenburg AJJ, Honig WMM, Van Rossum JM (1975) Inhibition of
d-amphetamine-induced locomotor activity by injections of
haloperidol into the nucleus accumbens of the rat.
Psychopharmacologia 41:87-95

Pijnenburg AJJ. Honig WMM, Van der Heyden JAM, Van Rossum JM
(1976) Effects of chemical stimulation of the mesolimbic dopamine
system upon locomotor activity. Eur J Pharmacol 35:45-58

Price TC. Fibiger HC (1974) Apomorphine and amphetamine
stereotypy after 6-hydroxydopamine lesions of the substantia
nigra. Eur J Pharmacol 29:249-252

Price KS, Farley 1J, Hornykiewicz O (1978) Neurochemistry of

Parkinson's disease: relation between striatal and limbic
dopamine. Adv Biochem Psychopharmacol 19:293-300

Pycock CJ, Horton R {(1976) Evidence for an accumbens-pallidal
pathway in the rat and its possible GABAminergic control. Brain
Res 110:629-634

Pycock CJ, Marsden CD (1978) The rotating rodent: a two component
system? Eur J Pharmacol 47:167-175

Pycock CJ (1980) Turning behavior in animals. Neurosci 5:461-514

Pycock CJ, Phillipson OT (1984) A neurocanatomical and
neuropharmacological analysis of basal ganglia output. In:
Iversen LL, Iversen SD, Snyder SH (eds) Handbook of
psychopharmacology, vol 18 Plenum Press, NY 191-278

Randrup A, Munkvad I, Udsen P (1963) Adrenergic mechanisms and
amphetamine induced abnormal behaviour. Acta Pharmacol Toxicol
20:145-157

Rebec GV, Bashore TR (1984) Critical issues in assessing the
behavioral effects of amphetamine. Neurosci Biobehav Rev
8:153-159

Rebec GV, Bashore TR, Zimmerman KS, Alloway KD (1979) "Classical”
and "atypical" antipsychotic drugs: differential antagonism of
amphetamine- and apomorphine-induced alterations of spontaneous
neuronal activity in the neostriatum and nucleus accumbens.
Pharmacol Biochem Behav 11:529-538

134

- AR AT AR S R SRR T AP T e e o AR SR SRR
SO S C AL AL AR T -:ih T S i s S N O SO R RO G R A A

RN N Y M A




AN DR

»

5

e

Redgrave P, Dean P, Souki W, Lewis G (1981) Gnawing and changes
in reactivity produced by microinjections of picrotoxin into the
superior colliculus of rats. Psychopharmacology 75:198-203

_,.4
S )
Ad"\ £

P PR

Rinvik E (1975) Demonstration of nigrothalamic connections in the
cat by retrograde axonal transport of horseradish peroxidase.
Brain Res 90:313-318

Il
v

Y
o Robbins TW, Everitt BJ (1982) Functional studies of the central
- . catecholamines. Int Rev Neurobio 23:303-365

-~ Rosengarten H, Schweitzer JW, Friedhoff AJ (1983) Induction of
> - oral dyskinesias in naive rats by D1 stimulation. Life Sci
33:2479-2482

Ryan JP, Isaacson RL (1983) Intra-accumbens injections of ACTH
induce excessive grooming in rats. Physiol Psychol 11:54-58

."'.' P

Scatton B (1982) Effect of dopamine agonists and neuroleptic
agents on striatal acetylcholine transmission in the rat: evidence
against dopamine receptor multiplicity. J Pharmacol Exp Ther
220:197-202

-

Scheel-Kruger J, Cools AR, Honig W (1977a) Muscimol antagonizes

the ergometrine-induced locomotor activity in nucleus accumbens:
.- evidence for a GABA-dopaminergic interaction. Eur J Pharmacol
. 42:311-313

{; Scheel-Kruger J, Cools AR, Van Wel PM (1977b) Muscimol a
- GABA-agonist injected into the nucleus accumbens increases
) apomorphine stereotypy and decreases the motility. Life Sci

L -, 21:1697-1702

- Scheel-Kruger J, Arnt J, Magelund G (1977c) Behavioural
ol stimulation induced by muscimol and other GABA agonists injected
- into the substantia nigra. Neurosci Lett 4:351-356

Schoenfeld R, Uretsky N (1972) Altered response to apomorphine in
6-hydroxydopamine-treated rats. Eur J Pharmacol 19:115-118

v

(]
e S

o Schulz DWM, Ralivas PW, Nemeroff CB, Prange AJ (1984)

o Bombesin-induced locomotor hyperactivity: evaluation of the

o involvement of the mesolimbic dopamine system. Brain Res

' 304:377-382

)

0=

o Schwarcz R, Creese I, Coyle JT, Snyder SH (1978) Dopamine

.ﬁ. receptors localized on cerebral cortical afferents to rat corpus
P striatum. Nature 271:766-768

4

.):

" 135
A

o

v

SN LR e




Seeman P (1980) Brain dopamine receptors. Pharmacol Rev
32:229-313

Sethy VH (1979) Regulation of striatal acetylcholine
concentration by D~2 dopamine receptors. Eur J Pharmacol
60:397-398

Setler PE, Sarau HM, Sirkle CL, Saunders HL (1978) The central
effects of a novel dopamine agonist. Eur J Pharmacol 50:419-430

Setler PE, Malesky M, McDevitt J, Turner K (1978) Rotation
produced by administration of dopamine and related substances
directly into the supersensitive caudate nucleus. Life Sci
23:1277-1284

Severson JA, Finch CE (1980) Reduced dopaminergic binding during
aging in the rodent striatum. Brain Res 192:147-162

everson JA, Randall PK (1983) Localization of
H-N-propylnorapomorphine binding in mouse striatum. Brain Res
279:295-298

Shute GC, Lewis PR (1967) The ascending cholinergic reticular
system: neocortical, olfactory and subcortical projections. Brain
90:497-520

Sibley DR, Creese 1 (1980) Dopamine receptor binding in bovine
intermediate lobe pituitary membranes. Endocrinol 107:1405-1409

Snyder SH (1972) Catecholamines in the brain as mediators of
amphetamine psychosis. Arch of Gen Psych 27:169-179

Sokoloff P, Martres MP, Schwartz JC (1980) 3H—Apomorphine labels
both dopamine postsynaptic receptors and autoreceptors. Nature
288:283-286

Sonsalla PK, Gibb JW, Hanson GR (1984) Opposite responses in the
striato-nigral substance P system to D-1 and D-2 receptor
activation. Eur J Pharmacol 105:185-187

Springer JE, Isaacson RL, Ryan JP, Hannigan JH (1983) Dopamine
depletion in nucleus accumbens reduces ACTH-induced excessive
grooming. Life Sci 33:207-211

Staines WA, Fibiger HC (1984) Collateral projection of neurons of

the rat globus pallidus to the striatum and substantia nigra. Exp
Brain Res 56:217-220

136




Starr MS, Summerhayes M (1983) Role of the ventromedial nucleus
of the thalamus in motor behaviour-I. Effects of focal injections
of drugs. Neurosci 10:1157-1169

tefanini E, DeVoto P, Marchisio AM, Vernaleone F, Collu R (1980)
H-spiroperidol binding to a putative dopaminergic receptor in rat
pituitary gland. Life Sci 26:583-587

Stevens JR (1973) An anatomy of schizophrenia? Arch of Gen Psych
29:177-189

Stoof JC, Kebabian JW (1981) Opposing roles for D-1 and D-2
dopamine receptors in efflux of cyclic AMP from rat neostriatum.
Nature 294:366-368

Strick PL (1971) Functional zones in the cat ventrolateral
thalamus. Proc First Ann Soc Neurosci 122

Swanson LW, Cowan WM (1975) A note on the conriections and
development of the nucleus accumbens. Brain Res 92:324-330

Swerdlow NR, Swanson LW, Koob GF (1984) Substantia Innominata:
critical link in the behavioral expression of mesolimbic dopamine
stimulation in the rat. Neurosci Lett 50:19-24

Szabo J (1962) Topical distribution of striatal efferents in the
monkey. Exper Neurol 5:21-36

Taha EB, Dean P, Redgrave P (1982) Oral behavior induced by
intranigral muscimol is unaffected by haloperidol but abolished by
large lesions of superior colliculus. Psychopharmacology
T7:272-278 .

Tarsy D, Baldessarini RJ (1974) Behavioural supersensitivity to
apomorphine following chronic treatment with drugs which interfere
with the synaptic function of catecholamines. Neuropharmacol
13:927-940

Thierry AM, Blanc G, Sobel A. Stinus L, Glowinski J (1973)
Dopaminergic terminals in the rat cortex. Sci 182:499-501

Umezu K, Moore KE (1979) Effects of drugs on regional brain
concentrations of dopamine and dihydroxyphenylacetic acid. J
Pharmacol Exp Ther 208:49-56

Ungerstedt U, Butcher LL, Butcher SG, Anden NE, Fuxe K (1969)
Direct chemical stimulation of dopaminergic mechanisms in the
neostriatum of the rat. Brain Res 14:461-471

A T A

T w T e~ wh




rAPRBNTEN 18

o R e s

Ungerstedt U, Arbuthnott GW (1970) Quantitative recording of
rotational behavior in rats after 6-hydroxydopamine lesions of the
nigrostriatal dopamine system. Brain Res 24:485-493

Ungerstedt U (1971a) Striatal dopamine release after amy "eti.mine
or nerve degeneration revealed by rotational behavior. Ac..
Physiol Scand Suppl 367:49-68

Ungerstedt U (1971b) Post-synaptic supersensitivity after
6-hydroxydopamine induced degeneration of the nigrostriatal
dopamine system in the rat brain. Acta Physiol Scand Suppl
367:69-93

Ungerstedt U (1971c) Adipsia and aphagia after 6-hydroxydopamine
induced degeneration of the nigro-striatal dopamine system. Acta
Physiol Scand Suppl 367:95-122

Ungerstedt U, Ljungberg T, Schultz W (1978) Dopamine receptor
mechanisms: behavioral and electrophysiological studies. In:
Roberts PJ (Ed) Advances in Biochemical Psychopharmacology Raven
Press, NY 311-321

Vaccarino FJ, Koob GF (1984) Microinjections of nanogram amounts
of sulfated cholecystokinin octapeptide into the rat nucleus
accumbens attenuates brain stimulation reward. Neurosci Lett
52:61-66

Van Rossum JM, Broekkamp CLE, Pijnenburg AJJ (1977) Behavioral
correlates of dopaminergic function in the nucleus accumbens. In:
Costa E and Gessa GL (Eds) Advances in Biochemical
Psychopharmacology Raven Press, NY 201-207

Versteeg DHG, Gugten JVD} De Jong W, Palkovits M (1976) Regional
concentrations of noradrenaline and dopamine in rat brain. Brain
Res 113:563-574

Villablanca JR, Marcus RJ, Olmstead CE (1976) Effects of caudate
nuclei or frontal cortical ablations in cats. I. Neurology and
gross behavior. Exp Neurol 52:389-420

Vincent SR, Hattori T, McGeer EG (1978) The nigrotectal
projection: a biochemical and ultrastructural characterization.
Brain Res 151:159-164

Walaas I, Fonnum F (1979) The effects of surgical and chemical
lesions on neurotransmitter candidates in the nucleus accumbens of
the rat. Neurosci 4:209-216

Walker AE (1938) The primate thalamus Univ of Chicago Press, Chi

138




R - il e *, “fat 3 g a Ty MR ALl aade Ll o B e s o ool A A e B A f - ,,1

1

L ' ‘

.. Wiegant VM, Cools AR, Gispen WH (1977) ACTH-induced excessive
grooming involves brain dopamine. Eur J Pharmacol 41:343-345

o Wilson SAK (1914) An experimental research into the anatomy and
- physiology of the corpus striatum. Brain 36:427-492

N Winkler M, Havemann U, Kuschinsky K (1982) Unilateral injecion of
" morphine into the nucleus accumbens induces akinesia and

- catalepsy, but no spontaneous muscular rigidity in rats. !
Naunyn-Schmiedeberg's Arch Pharmacol 318:143-147

7 Woodruff GN, Holden-Dye L, Senior K (1984) Functional dopamine
receptors in the brain. Neuropharmacology 23:243-246

8 Yurek DM, Randall PK (1985) Simultaneous catalepsy and
¥ apomorphine~induced stereotypic behavior in mice. Life Sci, in
y press

Zimmerberg B, Glick SD (1974) Rotation and stereotypy during
B electrical stimulation of the caudate nucleus. Res Commun Chem
Pathol Pharmacol 8:195-196

u
i

o

e,

a

139

&
iy !

L~JJ [ I N

Al
» '\..

o . . B N
P : .- et it ettt ettt v s e e S P N R TN
LF}\.‘«.. w N X ; . &~ D A L . . A L T T T e e

b I P ., - . P ., . - NI P - 4 (S hd M tet . - 'u - [ LI

WY o8, -of ! , . L e . B . N

d .}




..
-

- - . - - - - ) - -~ - ~ - - - -
L O O RO R KN AN 35



